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Abstract
Photonic crystals are the subject of intense study due to their capability to pro-
vide precise control of optical transmission characteristics through the choice of their
periodic lattice parameters and the material with which they are fabricated. The sen-
sitivity of photonic crystal band structure and defect transmission states to refractive
index changes either at planar boundaries of a 2-D crystal or at individual lattice sites,
make these structures potentially attractive for integrated point detection biosensor
devices.
1-D Photonic crystal (PC) and 2-D PC based sensors were developed and stud-
ied in terms of sensitivity with different types materials functionalized on the surface.
An extensive sensitivity analysis was done on both the devices to study the parame-
ters that majorly effect device performance and the results from the proposed designs
were found to be higher in comparison to published literature. Upon sucessfully
designing of 1-D PC and 2-D PC sensors with high sensitivity these devices were fab-
ricated to test them practically for various bio-materials. I demonstrated a 1-D PC
sensor to detect pH change by coating thin film of hydrogel on PC surface which offers
bio-compatibility for various bio-sensing applications. The 1-D PC sensor has optical
sensitivities around 197nm/RIU in detecting refractive index change and 0.824nm
per nanometer of thickness change of hydrogel on the surface of silicon gratings. I
also developed a thin film coating procedure of hydrogel on 1-D PC sensor surface
with high degree of uniformity. Thin film of hydrogels has many advantages over
thick layer in terms of response time and enhancement in sensitivity. Silicon gratings
were silanized so that the hydrogel is chemically bound to its surface and the micro-
scale gratings devices were coated with a thin layer of 187.9nm of hydrogel using spin
coating technique with high degree of uniformity. A fast response from thin layer of
hydrogel integrating on optical sensor and high sensitivity makes these devices very
attractive for bio-sensing applications.
Selectivity is another important aspect in the design of a biosensor. Thus, much
effort has been exercised for developing a wide-range immobilization techniques that
iii
Abstract
can covalently or ionically anchor to the surface of silicon based PCs devices. I demon-
strate a 1-D PC sensor based biosensor to detect functionalized protein binding on its
surface. The 1-D PC sensor has a sensitivity of 1.61nm per a nanometer of thickness
change of bio-material on the surface of silicon gratings. Functionalizing proteins on
gratings surface by eliminating unspecific bindings makes this device highly selec-
tive and efficient. Streptavidin of concentration 0.016µmol/ml was functionalized on
silicon substrate and biotin of 12µmol/ml was used as a target molecule in our ex-
periments for detection. Normal transmission measurements of 1-D PC sensors were
made in air at different stages of immobilization, bare silicon grating, after attaching
streptavidin and after trapping biotin. Besides protein detection, detection of DNA
hybridization is also important for low volume, high selectivity biosensors. I also
demonstrated the detection of functionalized DNA on 1-PC sensor surface as well as
detection of the hybridization process with its complimentary DNA. The silicon 1-D
PC designed have sensitivities upto 2.43nm per a nanometer of thickness change in
bio-materials of refractive index 1.542 on its surface and 70nm/RIU in detecting re-
fractive index change of 6nm thick bio-material coating on its surface. Immobilization
of DNA on chip silicon device surface and there by hybridizing with its complimen-
tary strand makes this device more selective and efficient in detection. The order
of concentration of DNA solution used in this experiment is in nano-molar range
and was functionalized on silicon substrate using layer by layer technique. Normal
transmission measurements of 1-D PC sensors were made in air at different stages
of immobilization, bare silicon grating, after functionalizing chemical linkers, after
immobilizing ssDNA-A and after hybridizing with its complimentary ssDNA-B. Hy-
bridization experiments were done with non-complimentary ssDNA-C as well and no
shift in transmission spectra was found which shows very good selectivity.
Finally fabrication process for high sensitive 2-D PC coupled cavity device was
also developed which needs to be tested in future.
Keywords: Biophotonic sensors, Bragg grating sensor, chemirespon-
sive hydrogels, 1-D Photonic crystal, 2-D Photonic crystal coupled cavity,
Protiens, DNA, thin-film hydrogels, Transmission spectra
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1Chapter 1
Introduction
1.1 Optical Micro-Sensors
The use of biological recognition elements, such as receptors, binding proteins, anti-
bodies, and DNAs as sensing elements is particularly attractive because of the high
sensitivity and specificity they provide . There has been an increase in recent efforts
to combine these elements with micro-scale devices for biosensing purposes. Some
field-use biosensors offer a visual test for positive detection of a contaminant, while
others may rely on precise instruments to measure the concentration level of a contam-
inant with high sensitivity, selectivity, or both. The key design criteria of an effective
biosensor include rapid response, sensitivity, selectivity, and long-term stability or
reuse [1].
Biosensors are self-contained analytical devices containing biological material
that responds to a concentration or the activity of a chemical species in a biological
sample. They are highly sensitive and ideally selective to the analyte of interest. Since
the development of the first biosensor by Clark and Lyons in 1962 [2], there have been
a variety of biosensors designed for detecting a wide range of analytes. Biosensors
that detect the same analyte can differ in design and in detection technique used.
Recently, researchers at the Georgia Institute of Technology have developed a minia-
ture sensor that uses polymer membranes deposited on a tiny silicon disk to measure
the presence of pollutants in aqueous or gaseous environments [3]. An array of these
sensors with different surface coatings could be used during field-testing to rapidly
detect many different chemicals. Another example of a micro-sensor is for measuring
the blood pressure, which was developed by the company called Scisense,lnc. located
in London, Ontario [4]. The diameter of the tube can be as small as hundred mi-
crons, which makes it possible to enter heart to measure pressure precisely. In these
techniques used in biosensors currently, the ability to detect minute changes in phys-
ical or chemical properties due to presence of bio-material and miniature size of the
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sensor are the basic requirements for a sensor [3]. Fast responsivity, high sensitiv-
ity, dynamic range and no electric wires for connectivity are the key features that
separate integrated optics sensors from other micro-sensors. During the last three
decades, optical sensor elements for refractive index measurements have been subject
of research interest, and still today new technologies [5] are being developed. The
application of refractive index sensors is interesting for both gaseous and aqueous
samples and includes measurement of parameters like temperature, humidity, chemi-
cal composition and biosensing. The application of refractive index based sensors for
biosensing has especially gained a high degree of interest within the last two decades.
It includes detection of DNA, proteins, antibody-antigen interactions, cells and bac-
teria. In that connection quite a few commercial sensor systems have also emerged,
where especially the SPR (surface plasmon resonance) sensors and the conventional
waveguide sensors are well established and well known technologies. The trend for
commercial biosensing systems, aims at specific and label-free detection in various
complex media. In addition, the sensor elements should preferably be cheap to fab-
ricate, the system should be operated without any moving parts, and the sensitivity
should be in the picomolar regime [6]. The SPR sensor has been previously applied
in biosensing application back in 1982 [7] and the continuous development has re-
sulted in reported detection limits down to 1 pg/mm2 using angular interrogation,
and 5 pg/mm2 for wavelength interrogation [5, 8, 9]. Conventional optical waveguide
sensors have been applied for protein sensing with detection limits down to 5pg/mm2
[10, 11]. Recently, a wide range of photonic crystal (PC) sensing devices has been
presented in the literature. Photonic crystal fiber (PCF) is one class of PC devices
that has been demonstrated for refractive index measurements and biosensing [12, 13].
However these are difficult to implement in a compact, automated system and the
fabrication of PCF sensors is relatively tedious. So far, demonstrated applications
of PCF based biosensors include detection of fluorescently labeled objects like DNA
[14] and specific antibody detection [13]. Sensors based on planar bulk PCs have also
been presented for sensing and biosensing in particular [15, 16]. Here, white light
is incident perpendicular to the surface of the crystal and the reflected light is mea-
sured. Since the operating wavelengths of these devices are in visible region, there
is a chances of interference between reflectance signal with fluorescence signal from
the biomaterial. This method has been presented for immobilized protein detection
[17] and detection of antibody/antigen multi-layers with a reported detection limit
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of 500 ng/mm2 [16]. Using photonic crystals(PCs), the size of the sensor can be
dramatically reduced, approximately over three orders of magnitude less than com-
mercial integrated optical sensors. The nano-scale dimensions of these device allow
the fabrication of low-weight, compact, dense, and highly parallel sensors [18].
1.2 Photonic Crystals
A photonic crystal (PC) is a low-loss periodic dielectric medium that allows for the
control and manipulation of photons. The control of photons arises because PCs can
be designed and constructed with photonic band gaps (PBG), which prevent particu-
lar frequencies of the electromagnetic spectrum from propagating in certain directions
[19] (i.e. they experience severe attenuation). This is because optical waves, which are
inherently periodic, interact with periodic media in a unique way, especially when the
scale of the periodicity is in the same order as that of the wavelength [20]. This peri-
odicity, whose length scale is proportional to the wavelength of light in the band gap,
is the electromagnetic analogue of a crystalline atomic lattice, where the latter acts
on the electron wave function to produce the familiar band gaps and semiconductors,
in solid-state physics. The study of PCs is likewise governed by the Bloch-Floquet
theorem [21], and intentionally introduced defects in the PC (analogous to electronic
dopant) give rise to localized electromagnetic states: linear waveguides and point-like
cavities. The PC can thus form a kind of perfect optical ”insulator,” which can confine
light lossless around sharp bends, in lower-index media, and within wavelength-scale
cavities, among other novel possibilities for control of electromagnetic phenomena. In
crystalline materials, Felix Bloch showed that electrons in a conductor scatter only
from imperfections and not from the periodic ions in periodic structures. Similar
techniques can be applied to electromagnetism by casting Maxwell’s equations as an
eigenproblem analogous to Schrodinger’s equation as shown in equation 1 below [19].
~5 X 1∈ ~5 X ~H = (ωc )2 ~H...(1.1)
Since the PCs corresponds to a periodic dielectric function ∈ (~x) =2 ∈ (~x+ ~Ri)
for some primitive lattice vectors ~Ri (i = 1, 2, 3 for a crystal periodic in all three
dimensions) [19]. In this case, the Bloch-Floquet theorem for periodic eigen problems
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Figure 1.1: (a) 2-D PC with air holes embedded in high dielectric medium with
lattice constant ’a’ (b) Band diagram of PC with a hexagonal lattice, where a is the
lattice constant of PC
states that the solutions to Eq. 1.1 can be chosen of the form ~H(~x) = expi
~k.~xH
n,~k
(~x)
with eigenvalues ωn(~k), where ~Hn,~k is a periodic envelope function satisfying:
(~5+ i~k) X 1∈ (~5+ i~k) X ~Hn,~k = (
ω
n,~k
c )
2 ~H
n,~k
...(1.2)
yielding a different hermitian eigenproblem over the primitive cell of the lattice
at each Bloch wave vector ~k. This primitive cell is a finite domain if the structure is
periodic in all directions, leading to discrete eigenvalues labeled by n = 1, 2,.... These
eigen values ωn(~k) are continuous functions of ~k, forming discrete ”bands” when plot-
ted versus the latter, in a ”band structure” or dispersion diagram. Both ω and ~k are
conserved quantities, meaning that a band diagram maps out all possible interactions
in the system [19]. In this thesis, I have concerned only with PC structures with
periodicity in 1-D and 2-D. The bulk structure that is considered through this work
is as shown in Figure 1(a). Figure 1(b) shows the corresponding band diagram of PC
with lattice constant ’a’
Frequently, the PC phenomenon is described as an analogy to the electronic
properties of crystalline solids such as semiconductors. Electrons propagate as pe-
riodic waves, and when the electrons meet certain criteria they are able to travel
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through a periodic potential without scattering (other than defects and impurities),
across an energy band gap. Fig. 1.2 shows an example band structure of Silicon,
which forms an energy gap at a particular energy range for all wavevectors,
(a) First Brillouin zone of a FCC crystal lat-
tice showing the symmetry labels
(b) Electronic band structure
Figure 1.2: Representation of the (a) Brillouin zone of a face-centered cubic lattice
for silicon and (b) the derived band structure schematic. The difference between the
conduction band energy, EC , and the valence band energy, EV , form the electronic
band gap. [22]
Much like the electronic band structure, the derivation of an optical band struc-
ture involves analyzing the wavevector propagation along the first Brillouin zone of a
specified lattice, followed by an analysis of the photonic band structure. An example
of a simulated transverse electric (TE) and transverse magnetic (TM) photonic band
structures derived from the structure is shown in Fig. 1.3 and Fig. 1.4. Although this
figure is a two-dimensional derivation of the band structure, a PBG may be derived
for one- and three-dimensional structures.
Though Fig. 1.4 shows that a PBG lies in both regions for TE and TM polar-
izations, this will not always be the case.
There is an interesting consequence of the PBG. If defects were to be introduced
into a structure (eg. Fig. 1.4(a)), i.e. certain hole regions were to be removed from
the structure, then any frequencies that lie within the PBG will be strongly confined
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(a) 2D periodic
structure
(b) Lattice (c) Reciprocal lat-
tice
(d) Irreducible
Brillouin zone
Figure 1.3: (a) A 2D periodic structure comprising of parallel cylindrical holes. (b)
The triangular lattice at which the holes are placed. Here, |a1| = |a2| = a, and
θ = 120◦. (c) Reciprocal lattice; shaded region is the Brillouin zone, a hexagon. (d)
The irreducible Brillouin zone is the triangle ΓMK. [20]
Figure 1.4: Calculated band structure of a 2D PC made of a homogeneous medium
(n = 3.5) with air-filled cylindrical holes of radius 0.48a, with a lattice constant a.
The PBG is shown as the shaded regions for waves that travel in the plane of
periodicity and has TE (left) and TM (right) polarizations. [20]
within the defect region. A waveguide for a particular frequency may be designed
if an array (row) of holes were to be removed. The wave will propagate through
the designed waveguide, and is not limited to single direction propagation, but sharp
bends may also be made for the light to travel. Therein lies the advantage of photonic
crystal structures.
1.2.1 1-D Photonic Crystal (Gratings)
Gratings come from a well-established theory that can be related to 1-D PC phe-
nomenon. Gratings, often referred to as 1-D PCs, are a periodic or aperiodic pertur-
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bation of the refractive index (in one-dimension) so that a large reflectivity may be
reached for a particular wavelength. Its bandwidth fulfills the Bragg condition
cos θ = m λ2Λ ...(1.3)
where λ is the wavelength, m is the diffraction order, θ is the propagation angle
in the medium relative to the direction normal to the grating, and Λ is the grating
period [20] (see Fig. 1.5). This is the generalized definition of the Bragg grating that
includes a set of N uniformly spaced identical multilayer segments. A more exact
theory of Bragg reflection, which includes multiple transmissions and reflections, is
described and employed to design the Bragg diffraction sensor in Chapter 3. This
periodic set of uniformly spaced parallel and partially reflective planar materials that
form the grating has angular and frequency selectivity.
Figure 1.5: Bragg grating showing the angle θ measured from the plane of the
grating
1.2.2 2-D Photonic Crystals
A 2-D PC may be referred to as a PC thin-film or a PC slab. It is composed of
a two-dimensional periodic index of holes typically arranged in a triangular lattice
that are introduced into a high-index guiding layer which supports in-plane guided
modes. A small schematic of the surface of such a device and its band structure
was shown in Fig. 1.4. The advantage of using PC slabs is that they are relatively
easy to fabricate and they have a flat surface region available for easy application of
materials, treatments, and various coatings for sensing purposes.
1.2.3 Defects in Photonic Crystals
As discussed, a photonic band gap is a range of frequencies in which light cannot
propagate through the photonic crystal. One of the important properties of PCs, is
their ability to localize light, which is achieved by introducing defects in PCs. The
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analogy between electrons and electromagnetic waves is not limited to the concept of
the energy gap, but also to the effects of defect introduction. Defects can be created
either by removing holes or by modifying some of the holes of the PC. For example,
removing a line of holes makes a PC waveguide along which light can be guided. A
defect breaks the periodicity of the lattice and introduces defect modes within the
bandgap. A defect in a PC can be designed to be any shape or form and to have
a wide variety of dielectric constants. Consequently, defect states in the gap can be
tuned to any frequency and spatial extent.
Figure 1.6: (a) Photonic crystal point defect and (b) photonic crystal line defects
1.2.3.1 Point Defect
A point defect is introduced by removing a hole from bulk photonic crystal as shown
in Fig. 1.6(a). A point defect also referred to as a micro-cavity gives rise to resonant
states within the bandgap, thus confining light in the localized region of the defect.
The measure of light confinement in the micro-cavity is defined by a quality factor(Q-
factor). Higher the Q-factor, higher the light confinement in the micro-cavity.
1.2.3.2 Line Defect
Removing a line of holes from bulk PC gives rise to a line defect in the PC as shown
in Fig. 1.6(b). The line defect acts as a waveguide to guide light along it. Light
can be guided even along sharp bends including 90o bends with minimum losses. A
PC waveguide can be coupled with a micro-cavity to form hybrid defect waveguides
called coupled cavity.
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1.2.4 Microresonators and Quality Factor
Photonic microresonators (sometimes referred to as microcavities, or simply cavities)
that exhibit strong light confinement are very important for a variety of scientific and
engineering applications, including high-resolution sensors [23]. They are typically
designed using point or line defects in a photonic crystal which confines a particular
light mode that lies within the PBG. Defects include the removal of hole regions or al-
terations of particular hole regions including location and size. The light confinement
property of a microresonator is used for sensing refractive index and thickness changes
of the surrounding medium at the PC surface [24]. High electric field concentration
in small modal volumes of PC microresonators results in high quality factor and an
efficient light-matter interaction that is capable of detecting ultra-small volumes of
analyte [24].
The 2-D PC waveguide structure that is described in Chapter 3 uses a line-
defect microcavity that couples energy from the waveguide, trapping a particular
energy that reacts with changes of a sensing layer on its surface.
The Q-factor for a photonic crystal microresonator is determined by the energy
loss per resonance cycle versus the total energy stored, which can be expressed as
Q = ω0
U(t)
−dU(t)/dt ...(1.4)
where ω0 is the angular frequency of the cavity mode, and U(t) is the total
energy stored in the cavity. Using Eq. 1.4, the following equation can be derived
U(t) = U(0)e
−ω0tQ ...(1.5)
This shows that the intensity of the electromagnetic field in a cavity will decay
exponentially with respect to time.
1.2.5 Sensing Applications
A photonic crystal sensor relates the physical changes in the environment with changes
of an electromagnetic signal. Over the past decade, there has been a dramatic increase
in the level of interest regarding these microsensors. Limitations in micro-electro-
mechanical systems (MEMS) has put pressure on research efforts to explore new
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sensor concepts that offer fast responsivity, high sensitivity, and non-wired features
[25], namely the photonic crystal sensors.
A PC sensor detects a physical quantity through the direct control and detection
of light-matter interactions [26], typically with the integration of a microresonator for
1-D and 2-D PC structures. The photonic devices that are described in Chapter 3
are a 1-D PC (gratings)and a 2-D PC structure with a coupled-cavity waveguide for
detecting surface changes.
The wavelength range of operation for PC devices depends upon the PC ma-
terial. The dominant PC structures of today are silicon-on-insulator (SOI) based.
Intrinsic silicon is transparent from its 1.1 µm (near-infrared) indirect bandgap wave-
length to about 100 µm, allowing a wide scope for silicon waveguide operations [27].
SOI is a good choice for a waveguide structure for two important reasons: SOI is
compatible with complimentary metal-oxide semiconductor (CMOS) devices, and the
semiconductor roadmap shows that SOI CMOS will be the most important silicon
electronics technology of the future [27].
Bragg gratings, which are basically one-dimensional photonic crystals because
of the periodic set of uniformly spaced planar materials, can exploit their angular
and frequency selectivity for many sensor applications. Bragg gratings are especially
useful when combined with fibers to detect quantities such as strain [28], temperature
[29], flow rates [30], and many other parameters.
1.3 Motivation
The PC sensors based on bio-material coatings and physical absorption, while sen-
sitive to bio-materials, are not selective to any specific bio-material like proteins or
DNA. This introduces an error in detection due to unspecific binding on the PC
sensor surface. Current sensors are basic designs of PC waveguide [31] or PC cavities
[33, 34] and no attempts have been made to improve the sensitivity of the devices by
better design of cavity-waveguide. One of the important steps is to avoid errors in
sensitivity due to non-uniform bio-material coating on PC surface, which is also not
addressed in these devices. The proposed solutions to these drawbacks in PC sensors
[31, 32, 33, 34] includes functionalizing the surface to bond to specific analyte for
high selectivity in measurements. This can avoid unspecific binding to take place on
sensor surface and also helps us to explore new methods to detect different aspects of
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sensing like hybridization of DNA. Sensitivity can be greatly enhanced by designing
a micro-cavity with higher Q-factor. Characterization of bio-material coating for uni-
formity avoids the errors that can be caused in sensitivity. The design of micro-cavity
makes the sensor more promising because the analyte can be immobilized within the
micro-cavity, where the optical field intensity is the largest, which makes PC sensors
more sensitive than sensing platforms that rely on the interaction between a small
evanescent tail of the field and the analyte.
Photonic crystal micro-cavity structures offer high sensitivity detection to changes
that occur at their surfaces. Exploiting this sensitivity feature of PC, the surface of a
structure can be immobilized with a biomaterial layer that effectively interacts with
the surface upon specific recognition and binding with a target analyte of interest.
Photonic crystal structures are also of particular interest for biosensor applications
since they are a label-free technology that do not require fluorescent or radioactive
tagging of analytes, consequently simplifying the detection process and allowing for
real-time monitoring [34].
In addition to specific detection capability these devices are also compact as
they are fabricated on the silicon platform which enables future integration. These
devices can potenially translate into the lab-on-a-chip platform by adding a source
and detector for portable sensing applications.
1.4 Objective
The main objectives of this thesis are to develop 1-D and 2-D photonic crystal based
sensors capable of selectively detecting the presence of bio-materials and other ana-
lytes of interest. For this purpose 1-D PC and 2-D PC structures were studied and
design to improve the sensitivity and selectivity. An extensive sensitivity analysis
must be done numerically on these devices to estimate sensitivities along with the
parameters that majorly effect device performance. These devices were then fabri-
cated and measured. Immobilization techniques on these PC sensors is important to
detect various aspects like pH changes and bio-material interaction selectively with
high accuracy.
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1.5 Organization of the Thesis
This thesis investigates the development and integration of different bio-materials
for use in two biophotonic devices that will eventually allow real-time monitoring of
bio-material interaction. In Chapter 2, a literature review of photonic crystal sensors
is presented in detail, including an overview of their applications in the realm of
biosensing. In Chapter 3, the designs of a 1-D and 2-D photonic crystal structure are
described along with its design parameters and simulations of 1-D and 2-D photonic
crystals sensors with focus on their sensitivities. In Chapter 4, a hybrid-structure
photonic crystal wavelength splitter was designed to study the role of the operat-
ing wavelength on sensitivity. Chapter 5 describes the fabrication of 1-D and 2-D
photonic crystal coupled cavity sensors and the challenges involved in fabrication of
these devices. In Chapter 6 I describe the development of a hydrogel on 1-D pho-
tonic crystal surface for pH sensing application. Chapter 7 focuses on improvising
of sensors using protein binding and DNA hybridization detection techniques using
silicon 1-D photonic crystal. This chapter also discuss in detail the procedure used
to functionalize 1-D PC surface with proteins and DNA for more accurate detection.
Chapter 8 summarizes the thesis and draws key conclusions and recommendations
for further the development of the PC devices.
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Chapter 2
Background
2.1 Photonic Crystal Sensors
Photonic crystals are the subject of intense study due to their capability to pro-
vide precise control of optical transmission characteristics through the choice of their
periodic lattice parameters and the material with which they are fabricated. The sen-
sitivity of photonic crystal band structure and defect transmission states to refractive
index changes either at planar boundaries of a 2-D crystal or at individual lattice sites,
make these structures potentially attractive for integrated point detection biosensor
devices, given that scalable geometries and materials suitable for micro/nanofluidic
addressing and co-integration with integrated source and detectors are achievable.
PC structures thus are an attractive platform for biosensing applications. This chap-
ter gives a brief review of photonic crystal biosensors. Label-free biosensors based
upon surface structured photonic crystals (PC) have recently been demonstrated as
a highly sensitive method for detecting a wide range of biomaterial like proteins and
DNA etc. To the date, different types of photonic crystal biosensors are developed
for various applications. PC biosensors are build based on the properties transmit-
tance, reflectance and surface plasmon resonance of photonic crystal waveguides and
cavities. The trend for biosensing systems, when considering the commercial mar-
ket, aims at specific and label-free detection in various complex media to ease the
operation of the sensor. In addition, the sensor elements should preferably be cheap
in fabrication, the system should be operated without any moving parts, and the
sensitivity must be really high. The surface plasmon resonance sensor was already
applied for biosensing back in 1982 [7] and the continuous development has resulted
in reported detection limits down to 1 pg/mm2 using angular interrogation [8]. Also
the conventional optical waveguide sensor has been applied for protein sensing with
detection limits down to 5pg/mm2 [10, 11]. Photonic crystal fibers (PCF) are one
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of the classes of photonic crystal devices for biosensing application including fluo-
rescently labeled proteins and specific antibodies [35]. Next class of PC biosensor is
PC waveguides and cavities which showed high sensitivity compared to others. The
main objective of this chapter is to review different types of PCBio and discuss their
efficiency, sensitivity and method used to functionalize the surface of the PC. Here I
dealt with both the simulation work and fabrication work of the PCBio.
2.2 Photonic Crystal Biosensors
Recently, a wide range of photonic crystal (PC) sensing devices has been presented
in the literature. Photonic crystal waveguide biosensors [31], cavities [33, 34] are
current interesting topics. Photonic crystal biosensor have been applied to refractive
index measurements from air to high viscous fluids, bimolecular coating thickness and
detection of protein concentrations.
2.2.1 PC biosensor based on change in refractive index of
the biomaterial coating
In Ref. [31] a PC waveguide was designed on a 320nm top silicon layer [31]. A shift
of approximately 20nm for a change in the refractive index(RI) of 0.33 was observed,
both in simulation and measurements as shown in Fig. ??.
Figure 2.1: Sensitivity curves showing the experimental (circles, red line) and
simulated (squares, black line) changes in cutoff wavelength vs. changes in cover
RI[31].
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As published in Ref. [33], a purely simulation work, when holes are completely
filled with biomaterials a wavelength shift of 0.19nm to 1.936nm and for partially
filled holes a wavelength shift of 0.2nm to 1.63nm is seen for 0.01 change in refractive
index. As mentioned, this work is purely based on simulations and this is impractical
as it is impossible to fill the selective holes of the PC to form defect.
Figure 2.2: Cells of Super Defect having a.1, b.2, c.3, d.4, e.5, f.6, g.7 defects with
its sensitivity plot [33]
In this thesis I have defined the sensitivity of a sensor due to change refractive
index as
Sr = ratio of shift in transmission spectra due to refractive index change to
change in refractive index. Using this formula sensitivities with respect to RI change
for these devices were calculated.
Table 2.1: Sensitivities with respective RI change in material
PC Type Sr(nm/RIU) Comments
2-PC waveguide [31] 60.6 Usually PC waveguide sensors have less sen-
sitivity compared to PC cavity sensors
2-PC cavity [33] 19 to 193.6 Cavity holes completely filled with bio-
material
2-PC cavity [33] 20 to 163 Cavity holes partially filled with biomaterial.
In the first case, where the defects are created by completely filling the holes,
with the target molecule, the wavelength change is about 0.19nm to 1.936 nm for
change in refractive index of 0.001. Also the change in wavelength is more for the
same refractive index change as the number of defects increase. This is because
of the enhanced spontaneous emission because of the increase in the Q factor. So
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Figure 2.3: When defect holes are partially filled with biomaterial [33]
cluster defects give rise to high Q factor which is a measure of losses in the crystal.
For biosensor applications, a large Q factor is desirable, to increase the spontaneous
emission. This helps in more light matter interaction. It has been already theoretically
proved, that the mode is more confined if the refractive index of defect is decreased,
and also if the defect size increases. This increases the sensitivity of the device. In the
second case, which is of partial filling of defect cavities. though I could see shifts in
wavelength but it is less than compared to first case due to the same reason discussed
above. So there is a change in sensitivity of the device for different cases.
2.2.2 PC biosensor based on change in biomaterial coating
thickness
The biosensors that are applied to biomaterial coating thickness also display high
sensitivity. PC cavity in this design is a 400 nm-thick silicon (Si) slab separated
from the Si substrate by 1µm of SiO2 to provide a good vertical confinement for the
propagation modes [34].
Here I observe different schemes of coating methods to see change in sensitivity
of the device. a) All the holes of PC are coated in its inner surface. b) Only the
cavity holes of PC coated in its inner surface. c) Coated at bottom of the PC holes.
d) Coating on top of PC. Among these different schemes of coating, scheme(a) has
maximum sensitivity and minimum is for scheme(d). These shows the surface area of
coating on sensor is directly proportional to the sensitivity. Fig. reffig: chap2-Fig4
shows above mentioned schemes of coating and their sensitivities.
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Figure 2.4: (a) Red shift, blue line shows the red shift when all the holes are coated
where as red line shift when defect hole alone is coated (b) Calculated resonance
redshift versus the monolayer coating thickness on the porewall, bottom, and top of
the device [34]
The above thickness are the simulation work, but when it come reality the
coating the entire coating of biomaterial will be in order few nanometers (2nm-5nm).
Fig. 2.5 show the simulation as well as experimental work [34] for 1nm-5nm thick
coating.
If I can define sensitivity of the biosensor for the change in thickness of bio-
material coating by St= ratio of shift in transmission spectra due to coating thickness
change to coating thickness.
Table 2.2: Sensitivities with respective thickness change in material
PC Type St(nm/nm) Comments
2-D PC cavity [34] 1.4 For scheme (a)
2-D PC cavity [34] 0.3 For scheme (b)
2-D PC cavity [34] 0.26 For scheme (c)
2-D PC cavity [34] 0.1 For scheme (d)
Therefore the range of sensitivity for this sensor with different schemes of coat-
ing is 0.1 to 1.4.
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Figure 2.5: Red curve shows the calculated resonance redshift versus the coating
thickness on the pore wall. Blue dots show the protein layer thicknesses measured
by ellipsometry. The ellipsometric data are in agreement with the model [34]
2.2.3 PC biosensor based on change in concentration of
biomaterial solution
PC Biosensor can also be used to detect the change in protein concentrations [31].
PC waveguide is used to detect the measurements of proteins and also sense the
change in its concentration using time measurements. Fig. 2.6 shows the real time
measurements for two different concentrations of BSA protein solution, where BSA
is added to MilliQ water after 6mins.
Figure 2.6: Time measurements of the change in cutoff wavelength for two
BSA/MQw solutions of 10g/ml (squares, red line) and 100g/ml [31] (circles, blue
line)
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From the above Fig. 2.6, I see that after the 6th minute the shift in transmission
spectra starts. In case of 100g/ml there is a shift of 0.4nm and for 10 g/ml shift of
0.2nm is noted.
2.3 Summary of Sensitivity Analysis on PC
Sensors from Literature
Here in above sections I discussed about two important parameters on which sensitiv-
ities of the device is mainly dependent thickness change and refractive index change of
the material coated on PC surface. From these sensitivity calculations shown above,
maximium Sr is 193.6nm/RIU and St is 1.4nm/nm. In the next chapter, optimized
design of 1-D PC and 2-D PC coupled cavity for improved sensitivity is discussed
along with sensitivity analysis in detail. Sensitivity calculations from this chapter
is used to compare the device performance in terms of sensitivity of our work. The
main reason to select these particular devices from literature for comparison with
our present is because of the maximum similarities found in terms of design of these
devices as well as sensitivity analysis employed to define these device performance.
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Chapter 3
Design of the 1-D and 2-D Photonic
Crystal Sensors
In this chapter, the design criteria, architecture of 1-D and 2-D PC sensors along
with sensitivity analysis of these devices are discussed in detail. Once the designs are
finalized, performance of a these 1-D photonic crystal (gratings) on silicon slab and 2-
D PC sensors coupled-cavity photonic crystal waveguide sensor on silicon-on-insulator
(SOI) integrated with a bio-material coated on its surface was analyzed. From these
simulations, the normal transmission and transmission spectra at the output of these
devices were studied. The results of these characteristics ultimately determine the
sensitivity of the whole device. In order to study the behaviour of these devices
to biomaterials (protein/DNA) were immobilized on the surface of these devices are
simulated with layer of material constructed with same optical properties as bio-
material and two parameters were investigated independently: refractive index, and
layer thickness on these two devices. Their effects on the transmission spectrum of
these devices were determined. Sensitivities defined in Chapter 2, Sr and St were
calculated for these devices.
3.1 1-D Photonic Crystal Sensor (Gratings)
3.1.1 Design Criteria
One of important criteria in designing PC device is to have transmission peak or
dip to be within the source and detector spectral range. 1-D PC must have normal
transmission peak above 1000nm as silicon has a strong absorption in the visible and
near infrared region upto 1000nm. Secondly I used InGaAs detector for our normal
transmission measurements and InGaAs detector has a maximum spectral response
around 1200nm region. So the 1-D PC device must have its transmission peak around
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1200nm. Apart from the above criteria these devices must be easy to fabricate and
low cost on-chip devices with good sensitive to physical changes on its surface.
Figure 3.1: Shows the 1-D photonic crystal model built in CAD (lumerical)
3.1.2 Design of 1-D Photonic Crystal and Simulation
Parameters
Lumerical’s Finite Difference Time Domain (FDTD) solution software was used to
numerically simulate our 1-D PC structure and device design was designed in such
way that it satisfies the above design criteria. The gratings were constructed on 425m
thick silicon slab with periodicity of 630nm, groove width and height of 300nm and
400nm respectively. In order to avoid huge computations due to dimensions of these
devices, FDTD method was used with periodic boundary conditions. I implemented
a full 3-D FDTD simulation based on square non-uniform mesh since a major part
of this device is silicon substrate with shallow gratings on its surface. Based on
this technique, the default grid size used to mesh the structure was set at 18nm
with a finer 10nm mesh over the gratings pattern region. In this way, the accuracy
and convergence of the simulations are both guaranteed while the requirements on
computational resources are reasonable enough to run the simulation. The light
source was placed at the bottom of the silicon slab and normal transmission was
recorded at the top of the gratings. The source parameters define the characteristics
are polarization 90o that is used for normal transmission. A broadband source with a
central frequency of 270 THz (λ = 1.11µm) is pulsed at the input for duration of 50
fs. A graphical representation of the source parameters is shown in Fig. 3.2. These
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Figure 3.2: Source parameters used for normal transmission measurements, fc = 270
THz (λ = 1.11µm), and the pulse duration is 50 fs.
source parameters are modified if the shifts that are measured exceed the bandwidth
of the source centralized at fc and detector range in simulations was always set to the
same range as source to avoid any mismatch. Fig. 3.3 shows the normal transmission
spectrum with normal transmission peak at 1135nm with full width half maximum
(FWHM) of ≈153nm along with the light modes interaction with gratings pattern.
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Figure 3.3: (a)shows the normal transmission spectrum of 1-D PC. (b) Light modes
interaction with grating pattern
3.2 2-D Photonic Crystal Coupled Cavity Sensor
3.2.1 Design Criteria for 2-D Photonic Crystal Coupled
Cavity
One of the reasons to move from 1-D PC to 2-D is to enhance sensitivity of the device.
The design criteria for this device includes reducing the FWHM so the device response
to smaller shifts in transmission spectrum can be easily determined. FWHM can be
reduced by increasing the Q-factor of the coupled cavity of the device and sufficient
energy must be coupled into cavity from waveguide. 2-D Photonic crystal is designed
using a triangular lattice of photonic crystals that produce a PBG at λ = 1.555µm.
This wavelength of operation is an eye-safe wavelength that is used principally for
data and telecommunication applications and laser source used in waveguide setup has
a central wavelength at 1.55µm. So the operating wavelength of the designed device
should be around 1.55µm. Fig. 3.5 shows the calculated band structure for this device.
The generated TE and TM band structure used for the design sensor. The shaded
regions represent the PBGs. λ = 1.555µm falls within the bottom PBG. Apart from
higher sensitivity the device was designed in a way that fabrication repeatability is
possible. PC L3 cavity is considered to be the basic structure (Fig. 3.4) as L3 cavities
have higher Q-factors. Table 3.1 shows the different 2-D PC L3 cavities designs taken
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into consideration before finalizing on the design.
Figure 3.4: Basic L3 cavity
The final design is optimized in terms of balancing Q-factor and energy that
couples into cavity (Q-factor of a device is inversely proportional to energy coupled
into the cavity from waveguide). The hole size in entire device is kept constant
in order to make fabrication repeatability feasible. Fig. 3.6 shows the intensity of
the electromagnetic field in a cavity will decay slowly with respect to time. The
time signal of the electric field can be expressed as f(t) = e(t) sin(ω0t + φ), where
e(t) is the envelope of the decaying slope. The intensity (U(t)) is the square of the
field amplitude (e2(t)), therefore the logarithmic relationship for e(t) using Eqn. 3.1
becomes
ln[e(t)] = ln[e(0)]− ω0
2Q
t (3.1)
Since the relationship between ln[e(t)] and t is linear, Q can be calculated by
fitting the time signal data into a linear function using the method of least squares.
Hence the Q-Factor was calculated for coupled cavity and found to be ≈ 1000 and
energy coupled into cavity is about 25% with FWHM of 5nm for the finalized design
as mentioned in Table 3.1.
3.2.2 Design of 2-D Photonic Crystal Coupled Cavity and
Simulation Parameters
Lumerical’s FDTD solution software was used to numerically simulate our 2-D PC
coupled cavity structure as well and device design was designed in such way that it
satisfies the above design criteria. The device was constructed on silicon on insulator
with 250nm top silicon thickness. PC of hexagonal lattice with period of 420nm and
hole size of 120nm respectively. I implemented a full 3-D FDTD simulation based
on square non-uniform mesh with default grid size used to mesh the structure was
set at 17nm with a finer 4nm mesh over the cavity. In this way, the accuracy of
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Table 3.1: Shows the different 2D-PC designs taken into consideration before
finalizing on a 2-D PC sensor design
Design description Operating
Wave-
length
(µm)
Q-
Factor/Coupling
energy
Comments
L3 defect with ’A’
holes moved 0.15*a on
either side and no
changes made on ’B’
holes
1.417 1229/7% Good Q-factor but less cou-
pling energy into coupled
cavity.
L3 defect with ’A’
holes moved 0.15*a on
either side and ’B’
hole reduced to 100nm
from 120nm
1.554 495/78% Good energy is coupled into
micro-cavity but Q-factor
drop to 495.
L3 defect with ’A’
holes moved 0.15*a on
either side and ’B’
hole reduced to 110nm
FROM 120nm
1.418,
1.543
1240/12.5%,
1130/30%
For operating wavelength
1.418, Q-factor is good but
less coupling energy. For
operating wavelength 1.543
both the Q-factor and cou-
pling energy are good but
fabrication repeatablity in
case is not possible be-
cause fabrication accuracy
±10nm to 20nm
L3 defect with ’A’
holes moved 0.15*a on
either sides and ’B’
holes moved by 20nm
on either sides
1.555 1000/25% Both the Q-factor and cou-
pling energy are good and
fabrication repeatablity is
feasible as well.
L3 defect with ’A’
holes moved 0.15*a
on either sides with
micro-cavity within
the waveguide
1.425 61/50% Coupling energy is good but
Q-factor is very less.
simulations are both guaranteed. Fig. 3.7 shows the final design with source placed
on conventional waveguide. ’A’ holes in design was moved by apart by 0.15*a to
increase the Q-factor and ’B’ holes were moved 20nm apart to increase the energy
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Figure 3.5: The generated TE and TM band structure used for the design sensor.
The shaded regions represent the PBGs
coupling into cavity. In order to maximize the coupling power between conventional
waveguide and device, conventional waveguide width is optimized to 727nm and Fig.
3.9 shows the maximum power coupling at this width. A standard source with a
central frequency of 192.5 THz (λ = 1.558µm) is pulsed at the input for duration of
200 fs.
A graphical representation of the source parameters is shown in Fig. 3.8. These
source parameters are modified if the shifts that are measured exceed the bandwidth
of the source centralized at fc and detector range in simulations was always set to the
same range as source to avoid any mismatch. Fig. 3.10 shows the output spectrum
of 2-D PC coupled cavity with a resonance dip at λ = 1.55µm with FWHM of 5nm.
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Figure 3.6: shows the intensity of the electromagnetic field in a cavity will decay
slowly with respect to time
Figure 3.7: Optimized design of 2-D PC coupled cavity
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Figure 3.8: Source parameters used for transmission measurements, fc = 192.5 THz
(λ = 1.558µm), and the pulse duration is 200 fs.
3.3 Performance of 1-D and 2-D Photonic
Crystal Sensors
A detail study on 1-D PC and 2-D PC coupled cavity sensors with changing sensing
layer parameters (thickness and refractive index (RI) ) was done. The density of
a material is related to RI, which affects propagation velocity. For this reason the
effects of RI were studied. Though both refractive index and thickness are interrelated
they have significant individual affects on device response. The effects of the surface
thickness were also studied.
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Figure 3.9: Optimization of PC conventional waveguide for maximum input coupling
Figure 3.10: (a)Output spectrum of 2-D PC coupled cavity with a resonance dip at
λ = 1.55µm with FWHM of 5nm (b) Cavity mode at λ = 1.55µm
3.3.1 Device Response to change in Thickness of Material
A brief study on these both sensors devices sensitivities was done and I present they
response for change in material thickness in two cases; case 1: on a thinner scale
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Figure 3.11: Shows the thin layer of material on top of the device as well as along
the inner wall of the holes simulated in 2-D PC coupled cavity
(2nm-12nm) of material on 1-D PC and 2-D PC coupled cavity sensors and case 2:
on thicker scale (75nm-175nm) of material coating on 1-D PC and 2-D PC coupled
cavity. Here in these simulation RI of the material is set 1.4.
Figure 3.12: Shows the (a) relative shifts and (b) absolute shifts in normal
transmission peak through 1-D PC
3.3.1.1 Material with varying thickness on a thinner scale on 1-D PC
(gratings) and 2-D PC coupled cavity
Thin layer of material of RI 1.4 with varying thickness of 3nm-10nm in case of 1-D PC
and 2nm-12nm in case of 2-D PC coupled was simulated on top of devices as well as
inner walls of the redges and holes of the PCs as shown in Fig. 3.11. Sensitivities(St)
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were calculated for 1-D PC and 2D-PC coupled cavity and found that 2-D PC has
higher sensitivity than 1-D PC (gratings). Fig. 3.12 shows the normal transmission
peak of 1-D PC due to varying thickness of material and Fig. 3.12 shows the absolute
shift in normal transmission and this curve is called sensitivity curve. Similarly Fig.
3.13 shows the transmission shifts in output spectrum due to varying thickness along
with its sensitivity curve. Sensitivities (St) of 1-D PC and 2-D PC coupled cavity was
calculated from the slope of the sensitivity curves and found to be 1.423nm/nm for 1-
D PC and 2.285nm/nm and for 2-D PC coupled cavity. The difference in sensitivities
in 1-D PC and 2-D PC coupled cavity is mainly due to higher confinement of light in
cavity which inturn increases light material interaction.
Figure 3.13: Shows the (a) relative shifts and (b) absolute shifts in transmission dip
through 2-D PC coupled cavity
3.3.1.2 Material with varying thickness on a thicker scale on 1-D PC
(gratings) and 2-D PC coupled cavity
A thick layer of material with varying thickness from 75nm to 175nm was simulated to
verify the sensors performance with respect to thickness change in material coated on
these PC sensors. In both cases sensitive due to thickness change was calculated from
the sensitive curves as shown in Fig. 3.14 (a) and (b) and St for 1-D PC was calculated
to be 0.455nm/nm at 1.4 of RI. and 0.801nm/nm at 1.4 of RI for 2-D PC coupled
cavity. Table 3.2 shows the comparison of sensitivity St (sensitivity with respective
thickness change in material) of my work (proposed designs) with literature.
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Figure 3.14: Shows the (a) absolute shifts in normal transmission peak through 1-D
PC (b) absolute shifts in transmission dip through 2-D PC coupled cavity
Table 3.2: Comparison of sensitivities with respective thickness change in material
with literature work
PC Type St(nm/nm) Comments
2-D PC cavity [34] 0.1 to 1.4 As discussed in chapter 2 PC cavity [34] sen-
sitivity range with different coating schemes
was St=0.1 to 1.4 and St=1.4 is the highest
St observed for this device
1-D PC (Proposed De-
sign)
0.455 to
1.423
Easy to fabricate compared to PC cavity [34]
and has comparable sensitivity range with it.
2-D PC coupled cavity
(Proposed Design)
0.801 to
2.285
Have a much higher sensitivity range than
2-D PC cavity[34].
3.3.2 Device Response to change in Refractive Index of
Material
Devices response to change in RI was simulated with both thin and thick layer of
material and found different sensitivities for thin film and thick layer of material on
the device surface. In this sub-section, affects of RI change on 1-D PC and 2-D PC
is discussed in detail in either of cases of thin film and thick layer of material were
simulated.
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3.3.2.1 Thin film material on 1-D PC (gratings) and 2-D PC coupled
cavity with varying RI
A thin film of 6nm was constructed on surface of the device as well as on the inner
walls. Thickness of the thin film was kept constant and refractive index of material
was varied in the simulations to study the response of 1-D PC to thin film of material
to RI variations. As mentioned in simulation parameters section, type of mesh used
for these simulations was non-uniform mess with higher mess resolution on grating
pattern and as well as on 6nm thin film of material. Fig. 3.15(a) shows the relative
shift in normal transmission peak from which I calculated device sensitivity of ≈
70nm/RIU. whereas, PC coupled cavity has a higher sensitivity due to high degree of
confinement of light in its cavity and light matter interaction increases which in order
makes 2-D PC coupled cavity more sensititive to its surroundings. 2-D PC coupled
cavity has output spectrum with much sharper dip with FWHM of 5nm which means
even a small shift in its transmission can be easily noted. Here, a layer of 6nm material
with different RI was simulated and sensitivity was found to be ≈ 103nm/RIU from
Fig. 3.15(b)
Figure 3.15: Shows for thin layer of material on device surface (a) absolute shifts in
normal transmission peak through 1-D PC and (b) absolute shifts in transmission
dip through 2-D PC coupled cavity
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3.3.2.2 Thick layer of material on 1-D PC (gratings) and 2-D PC coupled
cavity with varying RI
A thick material of 100nm is simulated on the surface as well as the inner surface
of the gratings. These simulations were carried out with varying RI from 1.0-2.0
and the sensitivity was found to be 143nm/RIU for 1-D PC from sensitivity curve
Fig. 3.16(a). Simulation setting and non-mesh resolution was set as described above.
Figure show the relative shifts due to RI change in 100nm thick material.
Figure 3.16: Shows for thick layer of material on device surface (a) absolute shifts in
normal transmission peak through 1-D PC and (b) absolute shifts in transmission
dip through 2-D PC coupled cavity
In this case of 2-D PC coupled cavity, a thick material of 100nm is simulated
on top of 2-D PC coupled cavity with RI varying as well. Simulation parameters
and the mess setting of 2-D PC coupled was set as discussed above. In Fig. 3.16(b)
show the relative shift in output transmission shifts and sensitivity of this device
was calculated to be ≈ 213nm/RIU. Table 3.3 shows the comparison of sensitivity
Sr (sensitivity with respective RI change in material) of my work (proposed designs)
with literature.
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Table 3.3: Comparison of sensitivities with respective RI change in material with
literature work
PC Type Sr(nm/RIU) Comments
2-PC waveguide [31] 60.6 Usually PC waveguide sensors have less sen-
sitivity compared to PC cavity sensors
2-PC cavity [33] 19 to 193.6 Based on simulation work and practically not
possible to coat selective holes as described
in chapter 2 [33]
1-D PC (Proposed De-
sign)
70 to 143 Easy to fabricate and low cost device.
2-D PC coupled cavity
(Proposed Design)
103 to 213 Have a much higher sensitivity range than
2-D PC waveguide [31] and 2-D cavity [33]
3.4 Summary of Sensitivity Analysis on PC
Sensors
Here in above section I discussed about two important parameters on which sensitiv-
ities of the device is mainly dependent. As observed above, sensitivities are relatively
higher in terms of St or Sr when material layer is thin (6nm) compared to thick ma-
terial coating on device. This is because of light material interaction, when a device
is coated with thin layer of material chance of light interaction with entire layer is
higher when compared to thick layer. In thick layer coating the sensitivity depends on
penetration of light through material for complete material interaction. It is also ob-
served that shifts due to thickness change is lesser than the RI change. In RI change,
material’s RI contributes to good extent for change of effective refractive index of
the entire system when compared to change in thickness of material on these devices.
Another important parameter in determining the sensitivity is operating wavelength.
Same material can cause different shifts in transmission at different wavelength. In
order to demonstrate effect of operating wavelength on sensitivity, in next chapter
design of PC wavelength splitter device with two channels transmitting two differ-
ent wavelengths is discussed and also effects of operating wavelength on sensitivity is
discussed in detail.
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Chapter 4
Hybrid-Structure Photonic Crystal
Wavelength Splitter for Sensor
Application
Effects of change in thickness and refractive index of material coated on PC on sen-
sitivity was studied in detail in previous chapter and in this chapter, the role of
operating wavelength on sensitivity is discussed. Apart from thickness and RI, op-
erating wavelength also plays an important role in determining device performance
and in order to study its effect on sensitivity a hybrid PC wavelength splitter is de-
signed with two different wavelengths being transmitted in a single PC device. In
order to achieve wavelength splitter, a hybrid photonic crystal is designed consisting
of two different PC waveguides with different lattice periods. First section of this
chapter discusses about the design developments of hybrid PC wavelength splitter is
discuss at length and later sensor application and dependence of sensitivity operating
wavelength is demonstrated.
4.1 Device Design
In this study, I implemented a full 3-D FDTD simulation based on a square auto
non-uniform mesh with a minimum step size of 0.25nm. The default grid size used
to mesh the structure was set at 20nm. Liu et al. presented a triangular-mesh-based
FDTD technique for simulating periodic plasmonic structures, which improved the
efficiency and accuracy and of their 2-D simulations [15]. In our simulations, I used
3-D FDTD simulation techniques based on a rectangular non-uniform mesh. In this
way, the accuracy and convergence of the simulations are both guaranteed while the
requirements on computational resources are reasonable enough to run the simulation.
The dimensions of the silicon based PC device are 15µm x 16µm with a slab thickness
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of 320nm and an air hole radius of 120nm. Every PC waveguide with a fixed period
and hole size has a unique pass band and this band of wavelengths can propagate
through waveguide without scattering. By varying lattice period ’a’, the pass band
varies. As seen in Fig. 4.1, the pass band shifts to higher wavelengths with increase of
lattice period. The important criteria in designing pass bands for wavelength splitting
application is to have two discrete pass bands with minimum overlap between them.
This was achieved by designing an asymmetric PC where ax and ay are the lattice
period along X and Y direction respectively. In this asymmetric PC waveguide design
ay is kept constant while ax is varied to form the hybrid-structure PC.
Figure 4.1: Pass bands of a photonic crystal waveguides with lattice period of
410nm, 420nm, 430nm and 440nm
The behavior of such asymmetric structures were simulated and a similar phe-
nomenon of periodicity dependence is observed. Fig. 4.2 shows the transmission
spectra of a PC waveguide with ax of 320nm, 400nm and 500nm while ay = 400nm.
It is found that with increase in periodicity the pass band shifts to higher wavelengths.
In these asymmetric PC’s, the radius of the air holes is kept constant and the lattice
period is varied only in a single direction (x-direction) for achieving two discrete and
distinctive pass bands without any overlap between pass bands. This also makes these
structures relatively easy to fabricate.
In order to first split the input broadband source into two identical sources,
I can use either a PC based ’Y’ power splitter with a flat broadband transmission
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Figure 4.2: Photonic crystal hybrid-structure PC waveguides pass bands with
ax=320nm, 400, 500 and ay=400nm
spectrum between 1.21m to 1.78m or a conventional waveguide ’Y’ power splitter.
Keeping ay constant also helps in integration of the PC ’Y’ power splitter or conven-
tional waveguide ’Y’ power splitter without stitching errors and also provides identical
light coupling conditions into the hybrid-structure PC waveguides at both input chan-
nels. To divide the input source into two identical sources, a conventional waveguide
’Y’ splitter was assumed to serve as the inputs shown in region 3 of Fig. 4.3. After
obtaining the relation between periodicity and pass bands, periodicities of PC struc-
tures were chosen in such a way that the end point of region 1 PC pass band become
a starting point for region 2 pass band so that there is no overlap between these two
channels. Fulfilling the above requirements, region 1 with ax=310nm, ay=420nm and
region 2 was designed with ax=450nm, ay=420nm as shown in Fig. 4.3.
As seen in Fig. 4.3 two identical sources with range 1.21m-1.78m were used
(source 1 and source 2) to couple light into device. Output monitors were placed on
conventional waveguides at the output channels as shown in Fig. 4.3. The broad-
band source 1.21m-1.78m was split into two broad pass bands from1.21m to 1.40m
and 1.42m to 1.78m. This device can also be used to split broadband source into two
narrow channels at desired wavelengths within these pass bands by simple modifica-
tion of hybrid-structure PC waveguide design. Further narrowing of the spectrum to
desired wavelengths from the broad pass bands at the outputs of hybrid-structure PC
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Figure 4.3: Hybrid-structure PC design with different regions tailored into single PC
waveguide device was achieved by introducing L3 micro-cavities into this design as
shown in Fig. 4.4. ’A’ and ’B’ holes in the L3 micro-cavities shown in Fig. 4.4 were
used to tune the output to the desired wavelengths within these broad pass bands and
also to tune the full width half maximum of the output transmission peaks. These
L3 micro-cavities helps in obtaining two narrow transmission peaks at each channel
at different wavelength as shown in Fig. 4.6 , narrowing the transmission spectrum
to sharp peaks helps in identifying even small shifts in transmission peak due to
thickness or RI change in sensor application.
Figure 4.4: L3 cavities introduced in hybrid-structure photonic crystal
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4.2 Simulation Results and Discussion
A PC waveguide with lattice period lattice period ax=450, ay=420nm was chosen
for region 1 and another waveguide with ax=310, ay=420nm was chosen for region
2 as discussed in the previous design section. The PC waveguide in region 2 has
a pass band from 1.21m to 1.40m (band) and the PC waveguide in region 1 has
a high pass band of 1.42m to 1.78m as shown in Fig. 4.5. The dotted lines with
corresponding colors in Fig. 4.5 show the 3dB point lines for the respective output
spectra. Though some ripples are observed at the output, these can be neglected since
they lie under 3dB lines of the spectra. Hence, the hybrid-structure PC waveguides
acts as a wavelength splitter, designed to split the broad band. As observed in Fig.
4.5, the input source of broad band from 1.21m to 1.78m was split into lower pass
band 1.21m-1.40m and a higher pass band of 1.42m-1.78m with 48% and 42% of
power split between two channels respectively. Crosstalk between the waveguides is
eliminated by optimizing the number of periods between the waveguides to 20. The
output pass bands obtained from this device configuration are two flat bands with
overall 90% transmission and with minimal overlap.
Figure 4.5: Transmission spectra at output, which transmits higher wavelengths and
lower wavelengths through respective waveguides
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As discussed in the section 2, the L3 cavities were designed in each of the PC
waveguides to further narrow the spectrum to a desired wavelength within the pass
bands at the output of channel 1 and channel 2. Fig. 4.6 shows the transmission
peaks after introducing L3 micro-cavities into channel 1 with 17.5% and channel 2
with 29.9% power with total of 47.6% output power. The inset images in Fig. 4.6
shows the field confinement in these cavities.
Figure 4.6: Transmission spectra at output1 and output 2 after introducing L3
micro-cavities in hetero structure PC waveguides
As labeled in Fig. 4.4, ’A’ and ’B’ holes which form the L3 micro-cavities
aid in the tuning of the output to the desired wavelengths. It was observed that
increasing or decreasing of ’A’ hole size gives rise to shifts in transmission peak of
hybrid-structure PC micro-cavities. As observed from Fig. 4.7, with increase in ’A’
hole size, transmission peaks blue shifts at channel 1 and channel 2 within the lower
and higher pass bands respectively which were are separated using hybrid-structure
PC waveguides. By changing the ’A’ hole size the transmission peak 1 at output of
channel 1 can sweep across 45% of the O-band and similarly the transmission peak 2
sweeps the entire C-band of the communication range. It was also observed that when
the transmission peaks reach to the edges of the output pass bands in Fig. 4.5, the
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transmission power decreases and disappears outside of these output pass bands as
the waveguidesdo not guide at these wavelengths. Varying the ’A’ hole size with ’B’
holes fixed at 85nm at both the L3 cavities contributes to the shift in the transmission
peak is shown in Fig. 4.7 and varying the ’B’ hole size with ’A’ holes size fixed at
120nm at both the L3 cavities contributes to the increase or decrease of the FWHM
of the transmission peaks is shown in Fig. 4.8(a). Increasing size of ’B’ holes leads to
more confinement of light in these cavities which increases the Q-factor and decreases
the FWHM but also decreases the output power in the respective channel. Fig. 4.8(a)
shows the decrease of FWHM with increase of B hole size and the minimum FWHM
obtained was 13.57nm and 17.54nm at channel 1 and channel 2 respectively.
Figure 4.7: Shifts in lower wavelength transmission peak with change of ’A’ hole size
in L3 cavity in channel 1 (b) Shifts in higher wavelength transmission peak with
change of ’A’ hole size in L3 cavity in channel 2. (c) Shows the shift in transmission
peaks at channel 1 and channel 2 with change ’A’ hole size
As noticed in Fig. 4.8(b) and Fig. 4.8(c), as Q-factor increases, the output
power decreases at channel 1 and channel 2. The maximum output power at channel
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1 and channel 2 was 17.6% and 32.1% respectively with Q-factors 43 and 51 and the
maximum Q-factors obtained was 74 and 113 with output power at channel 1 and
channel 2 at 12.3% and 28.8% respectively. Though the Q-factors of these cavities
are relatively small they are sufficient for wavelength splitting applications. The
output powers vs Q-factors for these cavities were plotted for both the channels in
Fig. 4.8(b) and Fig. 4.8(c). As seen in Fig. 4.8(b) and Fig. 4.8(c), the Q-factor is
inversely proportional to the power transmitted through these channels. For channel
1 the curve intersect at ’B’ hole size 84nm at power of 15% of input source. For
channel 2 the intercept point is at 85nm at power of 30.65% of input source. There
is a tradeoff between Q-factor and power transmitted. Depending on the application,
the required Q-factor/transmission power combination can be chosen.
Figure 4.8: (a) the change in FWHM with change in ’B’ holes size at channel 1 and
channel 2 and (b) the overlay plot of Q-factor and output power at channel 1 and
(c) the overlay plot of Q-factor and output power at channel 2
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4.3 Sensor Application of Hybrid Structure PC
Wavelength Splitter
Once the PC wavelength splitter was successfully designed, a PC wavelength splitter
tuned to 1.54µ at channel 1 and 1.3µm at channel 2 was selected to demonstrate
operating wavelength effect on sensitivity. In order to demonstrate effect of operating
wavelength on sensitivity, both the L3 micro-cavities in two channels are designed
similarly and transmission peak obtained from them are also designed similar with
same FWHM.
A thin layer material with varying thickness (case:1) and varying RI (case:2) was
simulated and performance of operating wavelength at each channel was obtained for
these varying these parameters. Fig. 4.9(a) shows the channel 1 response to change
in thickness from 50nm-250nm of the material simulated on top of PC wavelength
splitter and Fig. 4.9(b) shows the channel 1 response to change in RI from 1.35
to 1.6 of the material on top of the device. As mentioned, both the channels are
coated with same material with same RI or same thickness and sensitivities of PC
wavelength splitter sensor at each channel was calculated. Fig. 4.10(a) shows the
sensitivity curves for both channels for change in thickness of material and sensitivity
seen saturated at 200nm thickness for both the channels where as Fig. 4.10(b) shows
the sensitivity curves for change in RI of material at both channels.
Figure 4.9: Shows the channel 1 response to (a) change in thickness and (b) change
in refractive index of material on top PC device
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Figure 4.10: Shows the sensitivity curves for both the channels for (a) change in
thickness and (b) change in refractive index of material on top PC device
From the simulation results shows the sensitivity indifference at these each
channel for both the cases (change in thickness of material and change in RI of
material). I found that channel 1 has 0.223nm/nm sensitivity to change in thickness
of material on its surface and it saturates after 200nm and channel 1 has 0.115nm/nm
sensitivity to change in thickness of material on its surface and it saturates after
200nm. Device response to varying refractive index was also simulated from 1.35-
1.6 and similar phenomena channel 1 shows a shift of 11.56nm for a refractive index
change of 1.35 and channel 2 shows a shift of 2.19nm shift for 1.35 refractive index
and channel 1 shows the high response to change in refractive index all the way till
1.6.
From the simulation data in Chapter 3 and this chapter I can conclude that
change in thickness, refractive index and operating wavelength plays an important role
in sensitivity of PC devices. After numerical estimation of sensitivities of the proposed
PC designs in detail, the next chapter focuses on fabrication of these microscale PC
devices and challenges involved in fabricating 1-D PC and 2-D PC coupled cavity
along with conventional waveguides which serves as wires to connect this device to
external world.
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Chapter 5
Fabrication of 1-D and 2-D Photonic
Crystal Coupled Cavity Sensor
In this chapter the details of the fabrication of the 1-D PC sensor and 2-D PC cou-
pled cavity sensor are described along with the challenges involved in the process. PC
devices are highly sensitive to defects in terms of signal lose that might be created
during fabrication process. High accuracy in fabrication process is required in order
to avoid such defects and also sample must be maintained clean to high degree after
each and every fabrication step. 1-D PC is easy to fabricate and has very less steps
in fabrication which make these devices easily repeatable in term of fabrication. 2-D
PC coupled cavity turns out to be tough one in terms of fabrication as it involves
fabrication of conventional waveguide with alignment with PC device and also fab-
rication v-grooves structures to accommodate optical fibers at input and output of
the device. Alignment between these structures plays a important roles as even a few
nanometer misalignment can introduce lose in signal. Fabrication technique adopted
to fabricate PC structures along conventional waveguides is a technique developed by
my research group member work [36] with modification made to it in terms of design
of conventional waveguides and PC to make it more efficient. I would also like to
give credit to Dr. Aref Bakhtazad who helped me in making mask design files for the
fabrication process.
5.1 Fabrication of 1-D Photonic Crystal
Fabrication of 1-D PC involves e-beam lithography followed by deep RIE etching for
silicon. 1-D PC were fabricated on a 425µm double side polished silicon wafer. Prior
to e-beam lithography wafer was cleaned to get rid of any organic or any other surface
contamination. Silicon wafer was placed in a Nanostrip at 80oC for 3mins and rinsed
with plenty of DI water and dried. Once SOI wafer is clean and dry, it is placed in
Chapter 5: Fabrication of 1-D and 2-D Photonic Crystal Coupled Cavity Sensor 47
a yield engineering YES-3TA HDMS oven for HMDS deposition which improves the
adhesiveness between silicon. Once samples were coated with HMDS, e-beam resist
ZEP 1.4 is spin coated with spread speed of 500rpm for 5sec, spin speed of 3500rpm
for 120sec and prebaked at 180oC for 3mins.
5.1.1 E-Beam Lithography for 1-D PC Pattern
Design files of 1-D PC was feed to lithography machine and pattern is written with
electron gun with electron beam set to particular setting (e-beam setting are given in
Appendix C). Once the design writing is done, samples are developed in a ZED-N50
developer for 2mins and rinsed with methyl isobutyl ketone to stop developing and
air dried.
5.1.2 Deep RIE Etching of 1-D PC Pattern
Sample were loaded into chamber of Alcatel 601E deep silicon etch machine and
shallow Bosch etching recipe (recipe details are found in Appendix B) was used with
etch rate 12.5nm/sec to etch 1-D PC into silicon wafer. The sample are then removed
from the chamber and exposed to UV-light for 10mins which helps in removing e-
beam resist and then samples were cleaned with PG remover followed with acetone
and isopropanol. Fig. 5.1 shows the SEM images of the device. The samples were
also cleaned in an oxygen plasma asher to remove hydrocarbon contaminants and
any resist remaining during fabrication before going ahead for measurements. The
dimensions of the fabricated gratings were chosen to be 200µmm x 200µm and the
period of the grating was fixed at 630nm.
5.2 Fabrication of 2-D Photonic Crystal Coupled
Cavity
In this section, fabrication of 2-D PC coupled cavity sensor is discussed in detail.
Fabrication 2-D coupled cavity sensor is far complicated than 1-D PC sensor discussed
in earlier section in terms of fabrication. Firstly, 2-D PC coupled cavity has to
be connected to the external conventional waveguides in order to connect device to
external world. Externally a lensed optical fiber will be used to launch light into
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Figure 5.1: SEM image of grating fabricated on double polished silicon wafer
conventional waveguide. In order to integrate optical fiber with PC device, v-groove
is designed at ends of conventional waveguides. The schematic of the proposed design
is show in Fig. 5.4
In order to fit optical fiber into v-groove on SOI it is important to design v-
groove width and height in accordance with optical fiber dimensions. Optical fiber
with a core diameter of 125µm was used. In order to obtained v-groove in silicon,
anisotropic chemical KOH etch is employed. KOH anisotropic etch creates 70.52o
angle at bottom of the v-groove in silicon. Using information available width and
height of the v-groove was calculated. Fig. 5.4 show the geometrical design of v-
groove and optical fiber from which groove parameters was calculated.
h+(1+0.32/2)= R/sin(35.26o), R = 125/2 = 62.5µm...(5.1)
h=62.5/sin(35.26o)-1.16 = 107.10µm...(5.2)
d=2*h*tan(35.26o) = 151.44µm...(5.3)
A schematic of a lensed tapered fiber sitting in a v-groove on SOI is shown in
Fig. 5.4 with tip of lensed focused at conventional waveguide tip.
In order to successfully fabricate 2-D PC coupled cavity devices, there are three
major process steps.
Chapter 5: Fabrication of 1-D and 2-D Photonic Crystal Coupled Cavity Sensor 49
Figure 5.2: schematic of the proposed design
1. V-Grooves fabrication.
2. Fabrication of conventional waveguides by aligning with v-grooves.
3. Fabrication of PC coupled cavity by aligning with conventional waveguides.
5.2.1 V-groove fabrication
V-groove fabrication can be further divided into five steps mentioned below.
1. Gold deposition for aglinment marks through lift off process for conventional
waveguides and v-grooves alignment.
2. Deposition of silicon nitride as a hard mask to selectively etch silicon for grooves.
3. Photolithography process for grooves and etching for grooves.
4. KOH etch for V-grooves into silicon.
5. Removing nitride layer after fabricating V-grooves.
5.2.1.1 Gold deposition for aglinment marks through lift off process for
conventional waveguides and v-grooves alignment
Gold was used for making alignment marks as it gives a good contrast on silicon
surface. These align marks helps in aligning V-grooves with conventional waveguides
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Figure 5.3: Geometrical design of v-groove with optical fiber
and also used as course in primary or course alignment with PC in final stage. I used
lift off process to pattern alignment marks on silicon surface.
Prior to lift off process, SOI wafer has to go through the cleaning process to
get rid of any organic or any other surface contamination. SOI wafer of 1.2inch X
1.2inch was placed in a Nanostrip at 80oC for 3mins and rinsed with plenty of DI
water and dried. Once SOI wafer is dried, it is placed in a yield engineering YES-
3TA HDMS oven for HMDS deposition which improves the adhesiveness between
silicon and photoresist used for photolithography process. After depositing HMDS,
SOI wafer was spin coated with LOR lift off resist with spread speed of 300rpm for
5sec, spin speed of 3500rpm for 45sec and prebaked at 170oC for 150sec.
Immediately after coating LOR, shipley (photo-resist) 1805:1827 at 1:1 ratio
was spin coated with spread speed of 500rpm for 5sec, spin speed of 4500rpm for
45sec and prebaked at 115oC for 3mins.
Once the SOI wafer was coated with lift off and photo-resist, samples were
exposed through photo-mask to UV light (photolithography process) in MA6 for
5.8sec of channel 1 at 6mW/cm2 to pattern alignments marks on sample. After quick
a development of sample in MF 319 for 50sec and hard baked at 120oC for 5mins.
The samples were again developed for another 90sec in MF 319 and gently rinsed in
water and dried with soft blow of air. The SOI samples were then placed in Hoser for
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Figure 5.4: Schematic of lensed tapered fiber sitting in v-groove on SOI
e-beam deposition of chromium(Cr) and then gold (Au). Cr of 2nm was deposited
first to improve adhesiveness between gold and silicon and Au of 100nm was deposited
on top of Cr. Lift off process was done on samples by leaving them in PG remover
for over night and then cleaned with fresh PG remover, acetone and isopropanol to
remove the unwanted gold from the silicon surface. Fig. 5.5 shows the gold alignment
patterns formed on SOI surface after lift off process.
Figure 5.5: Alignment pattern on SOI after lift off process
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5.2.1.2 Deposition of silicon nitride as a hard mask to selectively etch
silicon for V-grooves
Gold patterned (alignment marks) SOI samples were placed in STS PECVD after
cleaning chamber with oxygen clean recipe (recipe details are found in Appendix
B)to ensure a good quality of nitride which acts as a hard mask to protect silicon
surface selectively from aggressive KOH anisotropic etch designed for V-groove. Sili-
con nitride deposition rate is about 6.5nm/min using SiN grow recipe (recipe details
are found in Appendix B) and a layer of ≈320nm was deposited. After deposition
sample were clean with plenty of DI water and dried.
5.2.1.3 Photolithography process for grooves and etching for grooves
In order to prepare samples for photolithography process for groove pattern, samples
were deposited with HMDS monolayer as mentioned above. Shipley 1805:1827 (photo-
resist) at 1:1 ratio is spin coated on top of silicon nitride surface with spread speed of
500rpm for 5sec, spin speed of 4500rpm for 45sec and prebaked at 115oC for 3mins.
Using the gold alignments marks on silicon and similar alignments on photo-
mask, grooves were aligned with sample and grooves pattern is transfered from photo-
mask to photo-resist using MA6 machine with UV exposure of 5.8sec of channel 1 at
6mW/cm2. Samples were then developed in MF 319 for 50sec. Fig. 5.6 show the
groove with tip after developing the samples.
Figure 5.6: Grooves pattern transfered on to photo-resist on sample after
photolithography process
Once the groove pattern is etched through photo-resist after developing, samples
were placed in STS RIE etch machine for etching silicon nitride (SiN) and top Silicon
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(Si) layer to form grooves pattern into the Si and SiN layers. The flow chart of this
process in shown in 5.7. Here, I used the same recipe (recipe details are found in
Appendix B) to etch SiN and also top Si layer of SOI for groove pattern and etch
rate for SiN is about 200nm/min and 100nm/min for silicon. At this stage, I have
samples etched down till silicon oxide layer at grooves pattern and rest all surface
covered with SiN. as shown in Fig. 5.7. To open up grooves till silicon substrate,
sample were immersed in buffered HF solution for SiO2 etch for about 15mins to
remove 1µm of SiO−2.
Figure 5.7: Flow chart of process from photolithography till etching of SiN and SiO2
layer
5.2.1.4 KOH etch for V-grooves into silicon Substrate
Samples were bonded to the holder wafer (silicon nitride wafer) using wafer bond in
order to protect the back surface of SOI from being etched. Sample along with holder
wafer was then lowered into KOH solution at 80oC maintained constantly using hot
water bath (recipe details are found in B). Since photo-resist can’t withstand the hot
KOH and it gives up as it is immersed in the solution and nitride layer deposited
using PECVD protects the silicon surface other than at grooves. Anisotropic silicon
etch was carried out for 90mins in hot KOH solution to form a prefect V-groove into
substrate silicon.
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Figure 5.8: v-grooves with the tip after KOH anisotropic etching and inset showing
the cross section of V-groove
5.2.1.5 Removing nitride layer after fabricating V-grooves
Once the V-grooves were fabricated on silicon substrate, silicon nitride layer was
removed for further fabrication process on SOI sample. Removing of nitride layer
was done in two stages 1. STS RIE dry etching 2. Hot phosphoric acid chemical
etch. Main reasons for removing nitride in two stages are 1. STS RIE etch is not
selective between silicon nitride layer and silicon so any longer time of dry etch can
etch off the top silicon layer., 2. Hot phosphoric acid chemical etch is slow process
with etch rate 3nm/min but selective between silicon nitride and silicon. So bulk of
nitride 200nm-220nm is removed using STS RIE dry etch and rest was removed using
phosphoric acid 87% at 180o. Once the samples are cleaned from nitride, samples are
washed with DI water and blow dried. Fig. 5.6 shows the image v-groove with inset
showing the cross section of V-groove.
5.2.2 Fabrication of Conventional Waveguides by Aligning
with V-Grooves
Alignment of conventional waveguides with v-grooves is on of the crucial steps in-
volved in fabrication process. Any inaccuracy at this step in alignment can effect
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the coupling between the optical fiber to conventional waveguide on chip. In order
to make sure of proper alignment of conventional waveguide with v-grooves requires
precise usage of x, y and angle translation on Suzz MA6 photolithography machine
as well as using monitor and microscope for alignment simultaneously. Clean samples
from previous process were placed in YES-3TA HDMS oven for HMDS deposition to
improve adhesiveness between photo-resist and silicon surface. After HMDS mono-
layer deposition samples are spin coated with shipley 1805 photo-resist with spread
speed of 500rpm for 5sec, spin speed of 3000rpm for 40sec and prebaked at 113oC for
3mins.
Using the gold alignments marks on silicon and similar alignments on photo-
mask, V-grooves were aligned with conventional waveguides on photo-mask carefully.
Once alignment between V-grooves and conventional waveguides is done, samples are
exposed for 3.4sec of channel 2 at 18mW/cm2 through photo-mask to UV light to
transfer conventional waveguides pattern to samples and developed in MF 319 for
1min. Fig. 5.9 shows the inspection microscope image after developing samples for
conventional waveguides.
Figure 5.9: Shows the conventional waveguides aligned with V-grooves
In order to transfer conventional waveguides to top silicon of SOI, samples were
dry etch for silicon using Bosch etch recipe (recipe details are found in Appendix
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B) in Alcatel 601E deep silicon etch machine. Shallow etch recipe has a etch rate
of 12.5nm/sec. Once the conventional waveguide pattern is etched through silicon,
samples are cleaned from photo-resist using ultrasonicator with samples immersed in
PG remover and then rinsed with acetone and isopropanol. Fig. 5.10 shows the SEM
image of conventional waveguide on tip and v-groove after etching for conventional
waveguides.
Figure 5.10: SEM image of conventional waveguide on tip and v-groove
5.2.3 Fabrication of PC Coupled Cavity by Aligning with
Conventional Waveguides
This is the next major step of alignment after alignment of conventional waveguides
with v-grooves. This step involves alignment of PC device structure with input and
output conventional waveguides. To achieve high accuracy in alignment scan rate of
e-beam for alignment must kept low and also precise overlap of alignment marks is
required. Precaution must be taken in moving e-beam from one location to another
location for scanning alignment marks, any unwanted exposure of sample to e-beam
will eventually damage the sample.
Samples are coated with a monolayer of HMDS and spin coated with ZEP 1.4
(e-beam resist) with spread speed of 500rpm for 5sec, spin speed of 3500rpm for 120sec
and prebaked at 180oC for 3mins.
After coating samples with ZEP resist, sample were loaded on a stage of LEO
1530 e-beam lithography machine. Electron beam is corrected for stigmatization and
beam alignment. Once the electron beam is corrected and focused, beam is set to
scan the gold alignments marks shown in Fig. 5.5. Manual matching of substrate
alignment marks with design files alignment marks fed to machine was done. Once
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the beam aligned to conventional waveguides, PC coupled cavity pattern was written
with electron gun with electron beam is set to particular setting (e-beam setting are
given in Appendix C). This procedure of aligning and writing pattern is repeated for
all dices on the chip. Once the sample writing is done, samples are removed out and
developed in a ZED developer for 2mins and rinsed with methyl isobutyl ketone to
stop developing and air dried . Fig. 5.11 shows the inspection microscope images of
sample after developing and merging of PC into conventional waveguides is clearly
seen.
Figure 5.11: Shows the inspection microscope images of sample after developing for
PC coupled cavity with increasing magnification from (a) to (d)
Sample were then loaded into the chamber of Alcatel 601E deep silicon etch
machine and shallow Bosch etching recipe (recipe details are found in Appendix B)
was used with etch rate 12.5nm/sec to etch PC coupled cavity into top silicon layer of
SOI wafer. Then the samples were removed from the etch chamber and were exposed
to UV-light for 10mins for which helps in removing e-beam resist and then samples
are were cleaned with PG remover followed with acetone and isopropanol. Fig. 5.12
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shows the SEM images of full device well as the PC coupled cavity fabricated using
e-beam lithography. These were sent for dicing and cleaving into individual devices.
Figure 5.12: SEM images with increasing magnification from (a) to (d) of full device
as well as the PC coupled cavity fabricated using e-beam lithography
Once these fabricated devices were perfectly cleaned from resist residues or any
other organic contaminations, devices are ready for measurements and for coating
of bio-chemicals layers for detection. In the consecutive chapters the bio-material
coating procedure and as well as the detection schemes based on these fabricated PC
sensors is described.
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Chapter 6
Development of a Hydrogel-based 1-D
Photonic Crystal ph Sensor
6.1 Overview
Here in this chapter, I demonstrated a pH sensor based on silicon gratings coated
with thin film of hydrogel. The silicon gratings have optical sensitivities around
197nm/RIU in detecting refractive index change and 0.824nm per nanometer of thick-
ness change of hydrogel on the surface of silicon gratings. I also illustrated a thin
film coating procedure of hydrogel on silicon surface with high degree of uniformity.
Thin film of hydrogels has many advantages over thick layer in terms of response time
and enhancement in sensitivity. Silicon gratings were silanized so that the hydrogel
is chemically bound to its surface. The micro-scale gratings devices were coated with
a thin layer of 187.9nm of hydrogel using spin coating technique with high degree
of uniformity. Normal transmission measurement shows the red shift of 155nm in
resonant peak for a thin film coating of 187.9nm of hydrogel over them. A quicker
response due to thin layer of hydrogel and high sensitivity makes these devices more
attractive.
6.2 Introduction
Hydrogels are cross-linked polymeric networks produced by the reaction of one or
more monomers which are able to retain water within their structure without disso-
lution. This unique property of retaining water makes it a sensing element in humidity
sensors [37, 38, 39]. Hydrogels are not only sensitive to water content but also respon-
sive to environmental factors, such as inorganic salt concentration [40] and over the
past decade, hydrogels have been demonstrated to shows promise in various sensing
applications [41, 42, 43, 44]. The cross-linked nature of a hydrogel allows it to exist
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in two distinct phases: swollen and collapsed states. Hydrogels incorporate water
in their polymeric interstices with their affinity for interacting energies and polymer
network entropy. They form a kind of three-dimensional container for water due to
their hydrophilicity. The swelling/contracting mechanism upon hydration is limited
by the degree of cross-linking of the polymer network. Hydrogels can be engineered to
change their swelling properties in response to chemical and physical stimuli such as
pH, ionic strength, solvent composition, buffer composition, temperature, pressure,
electromagnetic radiation, and photoelectric stimulus [45].
The purpose of the hydrogel sensing layer on the surface of our device is to me-
diate the sensing between the pH of the external environment and the optical signals
that travel through the grating. In order for the hydrogel to function as the sensing
layer, it must be combined with a external element that complements the respon-
sive behaviour of the hydrogel. The external element of interest for this particular
sensor design is the PBS buffer solution with varying pH. Although hydrogels may
be used for a variety of applications, each variation needs to be specially tuned to
its specific need. The advantage of using a hydrogel for detection is that it allows
for unlabeled detection of OP; chromophore or fluorophore labeling is not required.
Labeling procedures become time consuming, moderately more expensive, and expe-
rience problems with dye bleaching in the case of entrapment or photo-bleaching in
the case of fluorophores [42]. Subsequent sections of this chapter, discuss and analyze
all the important considerations necessary for developing a hydrogel optimized for
the design. Many factors need to be considered in order to optimize the hydrogel
for sensing applications, especially when working in the micro-domain. The hydrogel
sensing layer needs to be considered in terms of its pH sensitivity, thin film capa-
bility, uniformity, capability of anchoring to silicon, flow stability, and reversibility.
Credit for providing me the original procedure for preparing hydrogel and silanization
procedure in order to functionalize hydrogel to silicon surface is extended to Jan B.
Markowski from our research group. Here in this chapter, I report a thin film of
hydrogel coated on silicon grating to detect change in pH of PBS solution. Since thin
film of hydrogel was coated with spin coating technique which is more controllable,
this procedure will be more accurate and yields consistent results than the immer-
sion technique used by Jun Cong et. al [40]. These gratings were fabricated by the
standard e-beam lithography and being simple to design and relatively easy to fab-
ricate, makes these devices effective and affordable pH sensors. These gratings were
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silanized to functionalize the hydrogel to silicon surface. Hydrogel was spin coated
on a silanized sample and then polymerized with UV. Initial readings were measured
to observe shift in resonant peak wavelength due to thin film of hydrogel and found
to be 155nm. Shifts in resonant peak wavelengths were measured over a pH range of
3.98 to 7.0 and integrated transmission intensities were calculated using transmission
spectra in each case.
6.3 Thin Film Capability
Because of the micro-scale size of the grating device structures, the sensitivity of
the device would be greatly increased if the light-matter interactions of the devices
occurred at regions comparable to the thickness of the hydrogel sensing layer. The-
oretically, this should increase the responsivity of device, since smaller gel volumes
would reach equilibrium states quicker than large volumes, which depends on the
swelling kinetics. A thinner sensing layer is expected to react quicker to a solution
with a low analyte concentration, thus increasing the sensitivity of the device. Char-
acteristic dimensions in the order of nanometers can obtain a sensor response within
seconds, whereas dimensions in the order of 100µm results in response times of several
minutes. In the case of HEMA based hydrogels, the pH sensitivity range is mitigated
when thick layers are used [46]. Although bulk applications of hydrogels on the sur-
faces of micro-scale devices have been widely reported [42, 43, 44, 46, 47], there are
very few reportings of thin film hydrogels. The primary challenge lies in producing
thin, uniform, and stable hydrogel layers. In comparison to bulk layers, thin hydrogel
layers would increase the responsivity, reduce the time to reach equilibrium, and in-
crease its sensitivity to lower analyte concentrations. In order to mitigate the degree
of surface variations for regions comparable to the area of the sensor region, it is de-
sirable to have uniform coatings of the gel. If the uniformity can be controlled, then
additional sensors can be more easily reproduced and the study of complex surface
effects may be avoided.
A hydrogel may be reversible if designed properly. A reversible hydrogel means
that it can move back to its original state after exposure to external stimuli. The
forces binding the polymeric network of the hydrogel dictate the state of its size and
network integrity. An external stimulus changes the relational forces within the poly-
meric network, inducing swelling/shrinking. Although the volume transitions in a
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hydrogel are often reversible, the characteristic response time to step pH changes are
proportional to the concentration of ionizable monomers within the polymer, the mag-
nitude of the pH step, and inversely proportional to the buffer’s ionic concentration
[44].
Flow stability, depending on the composition and the degree of polymerization
of the hydrogel, the mechanical properties of the gel will vary. If the mechanical
strength of the hydrogel is considerably weak, as is the case with a weakly polymerized
hydrogel, an insufficient number of chains hold the structure together, which risk being
disintegrated by the shear forces of a solution. The hydrogel must be able to tolerate
at least a low flow rate that would allow for flushing between solutions.
6.4 Simulation
Lumerical’s FDTD solution software was used to simulate grating structure. I im-
plemented a full 3-D FDTD with periodic boundary conditions were used with a
non-uniform mesh, a finer mesh of 10nm on grating pattern and 18nm mesh on sili-
con substrate. In this way, the accuracy and convergence of the simulations are both
guaranteed while the requirements on computational resources are reasonable enough
to run the simulations. The gratings were constructed on 425m thick silicon slab
with periodicity of 630nm, groove width and height being 400nm respectively. Light
source is placed at the bottom of silicon slab and normal transmission was recorded
at the top of the gratings.
The resonant peak is observed around 1126nm. There are two reasons for
designing the resonant peak at this wavelength. First, silicon has strong absorption
in the visible and near infrared region upto 1000nm, so any grating design on silicon
for transmission measurements must have transmission resonance peak greater than
1000nm. Secondly the InGaAs detector used in the measurements had a maximum
spectral response this region. Once the grating structure is successfully simulated,
a thin film of material was constructed on top of gratings with different refractive
indices ranging from 1.0 to 2.0 as hydrogel changes its refractive index when it swell
or shrink with change in pH of PBS solution. As shown in Fig. 6.1 shifts of 197nm
in resonant peak was observed over a range of 1.0 to 2.0 refractive index change in
material. Fig. 6.1 shows the gradual increase in shifts in resonant wavelengths with
increase of refractive index.
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Figure 6.1: Simulation results: Shifts in resonant peak due to thin film of hydrogel
coating of different refractive index on silicon gratings.
6.5 Materials and Methods
6.5.1 Chemicals and materials
Chemicals used for silanization and for preparation of hydrogel were 3-(trimethoxysilyl)
propyl methacrylate, 98% (silane), 2-butanone, toluene 99.8%, 2-hydroxyethyl methacry-
late, 99+% (HEMA), Methacrylic acid, 99% (MAA), Ethylene glycol dimethacrylate,
98% (EDMA), 2,2-dimethoxy-2-phenylacetophenone 99% (DMPA) and isopropanol
(IPA). Double side polished silicon wafers were used for these devices.
6.5.2 Silanization
In order to promote the bonding of Poly(2-hydroxyethyl methacrylate) (poly(HEMA))
to the surface, a silanization procedure is required to treat the surface prior to applica-
tion of a hydrogel. Silanization is the method of covering a surface of a substrate with
silane like molecules. In order for this procedure to be effective, the substrate surface
requires hydroxyl (-OH) groups, which attack and displace the alkoxy group (-O) on
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the silane, thus forming a strong covalent bond of the silane to the surface (-X-O-Si-),
where X is the substrate. The quantity of hydroxyl groups on the surface may also be
increased by leaving substrates in 3% hydrogen peroxide solution for 2.5 to 3 hours,
having them dry overnight, and then washing with ethanol [46]. Many silanization
procedures employ the use of 3-(trimethoxysilyl)propyl methacrylate (Mops-M) as
a coupling agent to bind HEMA-based hydrogels to surfaces such as silicon nitride
[46, 48] or glass substrates [42]. Mops-M covalently anchors poly(HEMA) to the sur-
face upon photo-polymerization. In order for the silanization procedure to be most
effective, it has been found that the substrate surface must be descumed with an
oxygen plasma stream prior to silanization. This ensures that any contaminants and
organic residues have been cleaned from the surface. Since the silicon surfaces have
been exposed to the fabrication process, there are typically residual contaminants
such as ZEP-520, (e-beam resist used for fabricating gratings on silicon) on the sur-
face. Though the PG remover was used to clean the samples, I observed some residual
contaminations of the ZEP-520 over the silicon surface. The remedy for this is to de-
scum the surface with a 100 second oxygen plasma stream. Silicon is intrinsically
hydrophilic, so this procedure enhances the bonding of the hydrogel to the surface.
As a complementary bonus, the oxygen plasma clean helps to oxidize the surface,
producing the essential hydroxyl groups that allow for covalent bonding of Mops-M.
Weak bonding of the hydrogel to the surface may be experienced in the case of a
contaminated substrate surface. If the surface is not silanized, it has been observed
that when the hydrogel is exposed to water, the swelling action slowly separates the
hydrogel from the substrate’s surface. In our case to silanize, gratings was to place
samples in a solution with 3mL silane (10% v/v) and 27mL (90% v/v) toluene with
0.12 mL (0.4% v/v) of de-ionized water at 80oC for four hours. Samples were washed
with 2-butanone several times, finishing off with an ultrasonic bath with the sample
immersed in 2-butanone and leaving silicon sample to dry overnight.
6.5.3 Preparation of Poly(HEMA-co-MAA)-Based
Hydrogel
Poly(2-hydroxyethyl methacrylate-co-methacrylic acid) is a biocompatible, polyelec-
trolyte polymer. The constituent makeup of poly(HEMA-co-MAA) includes 2-hydroxyethyl
methacrylate (HEMA), methacrylic acid (MAA), ethylene glycol dimethacrylate (EDMA),
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and 2,2-dimethoxy-2-phenylacetophenone (DMPA). These chemicals may be mixed
with varying molar percentages to produce hydrogels with functionally different prop-
erties as mentioned in Jan B. Markowski’s thesis [49]. Increasing EDMA will increase
the degree of cross-linking and produce a more mechanically stable hydrogel. Increas-
ing the ionizable co-monomer MAA will increase the effective pH response of hydrogel.
DMPA is required in order to initiate the polymerization process of a HEMA mix-
ture to produce poly(HEMA). DMPA is a free radical initiator upon ultraviolet (UV)
exposure, which means that it reacts with wavelengths in the UV range to cause a
reaction (polymerization) with the free radicals in the HEMA mixture. These free
radicals must have an oxygen free environment to polymerize. Varying the quantity of
DMPA used would affect the degree of polymerization, and should be proportionate to
the amount of EDMA that is used. Protic solvents are added to promote the mixing
of anionic compounds, such as the chemicals used to produce poly(HEMA-co-MAA).
Protic solvents contain dissociable H+ (from a hydroxyl group) which react via hy-
drogen bonding with the anionic compounds to solvate into a solution. Commonly
used protic solvents for solvating poly(HEMA) include deionized water, isopropanol
(IPA), or a combination of both. A hydrogel is reversible if designed properly. A
reversible hydrogel means that it can move back to its original state after exposure to
external stimuli. External stimuli change the relational forces within the polymeric
network, inducing swelling/shrinking.
Although the volume transitions in a hydrogel are often reversible, the char-
acteristic response time to step pH changes are proportional to the concentration
of ionizable monomers within the polymer, the magnitude of the pH step, and in-
versely proportional to the buffer’s ionic concentration [44]. Poly(2-hydroxyethyl
methacrylate-co-methacrylic acid) is a biocompatible, polyelectrolyte polymer. The
constituent makeup of poly(HEMA-co-MAA) includes HEMA, MAA, EDMA, and
DMPA. These chemicals may be mixed with varying molar percentages to produce
hydrogels with functionally different properties. Increasing EDMA will increase the
degree of cross-linking and produce a more mechanically stable hydrogel. Increasing
the ionizable co-monomer MAA will increase the effective pH response of hydrogel
[44]. DMPA is required In order to initiate the polymerization process of a HEMA
mixture to produce poly(HEMA). DMPA is a free radical initiator upon ultraviolet
(UV) exposure, which means that it reacts with wavelengths in the UV range to cause
a reaction (polymerization) with the free radicals in the HEMA mixture. These free
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Figure 6.2: Optical image of thin film of hydrogel (a) coated at 3500 rpm spin speed
on silicon gratings. (b) Optical image of thin film of hydrogel coated at 4500 rpm
spin speed on silicon gratings
radicals must have an oxygen free environment to polymerize. Varying the quantity
of DMPA used would affect the degree of polymerization, and should be proportion-
ate to the amount of EDMA that is used. Protic solvents are added to promote the
mixing of anionic compounds, such as the chemicals used to produce poly(HEMA-
co-MAA). In our case IPA was used as protic solvent. The stoichiometric ratios are
I used were HEMA (89 mol%), EDMA (5 mol%), MAA (6 mol%), followed by an
addition of IPA (50% w/v) and DMPA (2% w/v). These mixtures of chemicals were
degassed with nitrogen for 5 minutes to obtain oxygen free environment to improve
the polymerization of hydrogel. Hydrogel was coated onto the substrate using spin
coating technique. The advantage of spin coating the hydrogel on the surface is con-
trollability of many variables, which ultimately affect the net thickness of the hydrogel
sensing layer. Parameters such as spread speed (rpm), spin speed (rpm), and their
corresponding spin times (s) help to produce a repeatable and uniform thickness.
Spread speed of 500rpm for 15sec and spin speed 3500 rpm for 30sec was set to ob-
tain hydrogel of thickness 187.9nm. Fig. 6.2(a) shows the optical microscope image
of grating after coating with hydrogel of 187.9nm and in order to further reduce the
thickness of hydrogel, spin speed was increased to 4500rpm and Fig. 6.1(b) shows
the inappropriate covering hydrogel on silicon gratings. This procedure was repeated
on few more samples and found that 3500rpm is best spin speed for good coverage
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on gratings. In order to properly polymerize the coated sensing layer with UV, the
substrate needs to be in an inert gas environment.
Figure 6.3: Schematic of fluid chamber built on silicon gratings
Figure 6.4: Shifts in normal transmission peak of grating devices after coating thin
film of hydrogel.
6.6 Experimental Setup and Measurement
Results
Poly(HEMA) based hydrogel response was measured for various pH values of PBS
solution of range 3.98-7.0. A fluid chamber was built as shown in Fig. 6.3 with inlet
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and outlet to inject pH solutions over a device. Normal transmission measurements
were performed on the gratings using 0.8m high resolution spectrograph and InGaAs
detector. The measurement setup consisted of a broadband light source from 360nm-
2000nm which was passed through a collimator. The collimated beam was then
passed through a series of optical components such as chopper, filters, polarizer and
attenuator. Polarized light was then focused using an objective onto the sample.
Transmitted light from the sample was collected by a spectroscopic microscope
objective and then directed into the spectrometer and detector. Normal transmission
spectra were recorded at different stage of this device.
As shown in Fig. 6.4 is the transmission shift in resonant peak wavelengths of
155nm due to thin film of hydrogel coating of 187.9nm. PBS solution was used with
pH range of 3.98-7.0 in this experiment.
Figure 6.5: Shifts in resonant peak in response of pH change over a range of 3.98-7.0
Initially fluid chamber is filled with pH of 7.0 and hydrogel on the device was
allowed to stabilize with respect to PBS of pH 7.0. Letting the hydrogel on the
gratings to stabilize, normal transmission spectrum was recorded and similarly normal
transmission spectra was recorded for rest of pH values till 3.98 and as pH decreases
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Figure 6.6: Comparison between two sets of data of resonant peak wavelength
response of hydrogel
resonant peak red shifts as shown in Fig. 6.5. After measurements, device was
brought back to its initial state and left for drying.
Normal transmission was then recorded on dry sample to check for hydrogel
reversibility and resonant peak wavelength matches with the initial readings. This
experiment was again repeated with the same PBS solution from pH 7.0 to 3.98
and shifts in resonant peak were consistent as shown in Fig. 6.6 within 1nm. The
integrated transmission for the above two sets of data was calculated. It was found
that change in integrated transmission has a similar pattern but transmission increases
with increase in pH. The wavelength and transmission response was plotted in Fig.
6.7 and both the wavelength response curve and integrated transmission were fitted
using the Henderson-Hasselbalch equation (Eq. 6.1) for the cross-linked polymers
[50, 51]:
pH = pKa - n.log(1-α/α)...(6.1)
pKa is the apparent dissociation constant of the cross-linked polymer, n is the
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Figure 6.7: Shows the wavelength and transmission response curve after best fitting
using the Henderson-Hasselbalch
correction for the distribution of the MAA groups in the polymer and α is the degree
of polymer dissociation which is assumed to be linearly related to the sensor responses.
The best fit for the both responses were plotted as shown in Fig. 6.7, which gives
the fit parameter of pKa = 5.49. The same fitting procedure was repeated on the
second set of data and pKa value was found to be 5.51. These values are consistent
with previous studies of poly(HEMA-co-MAA) polymers [51, 52, 53]. pKa value
gives the pH value for which poly(HEMA-co-MAA) based hydrogel has maximum
sensitivities in resonant peak shift was calculated to be 12.81nm/pH and that for
integrated transmission to be 16.27/pH unit.
Thus, 1-D PC sensor can efficiently detect change in pH in PBS solution. 1-D
PC sensor is not only limited to pH detection but also can be used to detect bio-
material like proteins and DNA hybridization functionalized on its surface. In the
next chapter I discuss in detail, functionalization of proteins and DNA on 1-D PC
surface in order to detect streptavidin and biotin pair and DNA hybridization.
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Chapter 7
Protein Binding and DNA Hybridization
Detection Using Silicon 1-D Photonic
Crystal
This chapter is mainly divide into two sections. The first section of this chapter is
dedicated to 1-D PC sensor to detect protein that are functionalized on its surface.
In this experiment 1-D PC sensor is not only used to detect streptavidin but also its
conjugate pair, biotin which has high affinity to streptavidin. Later part of this chap-
ter focuses on DNA immobilization on 1-D PC sensor to detect DNA hybridization
with its complementary pair.
7.1 Protein Binding Detection Using Silicon 1-D
Photonic Crystal
7.1.1 Overview
In this section, I demonstrate silicon gratings based biosensor to detect functional-
ized protein binding on its surface. The silicon gratings designed have sensitivities
upto 1.61nm per a nanometer at 1.502 RI for thickness change of bio-material on the
surface of silicon gratings. Functionalizing proteins on gratings surface by eliminat-
ing unspecific bindings makes this device more selective and efficient. Streptavidin
of concentration 0.016µmol/ml was functionalized on silicon substrate and biotin of
12µmol/ml was used as a target molecule in our experiments for detection. Normal
transmission measurements of gratings are made in air at different stages of immobi-
lization, bare silicon grating, after attaching streptavidin and after trapping biotin.
Total shifts in resonant peak wavelength of 15nm in normal transmission were ob-
served after immobilizing biotin with ≈7nm of shift in transmission peak wavelength
after functionalizing streptavidin to silicon substrate.
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In this section, I described gratings on silicon for streptavidin-biotin detection
by eliminating unspecific bindings which makes this device more selective and effi-
cient. These gratings are built on chip which makes it more compact, has faster
response and is easy for immobilization compared to gratings on optical fiber [54, 55,
56, 57, 58, 60, 61, 62]. It has been shown that the sensitivity of fiber grating sensors is
around three times higher when measurements are made in air rather than in liquids
[61] using a fluid chamber over gratings to detect analyte in fluid media [59]. Specific
binding on sensor surface is a key feature in sensor application since this avoids shifts
in spectra due to unspecific binding as in the case of physical absorption or coating
of analyte on the surface of gratings [54, 55, 56, 57]. Here, I demonstrate a sensor
using silicon gratings with its surface immobilized with streptavidin through ionic
bonding which has greater affinity towards biotin. By detecting only specific binding,
the sensor measurements can be done in air than in fluid chambers for sensitive de-
tection. Shifts in resonant peak wavelengths in normal transmission were estimated
through simulations using 3-D finite-difference time domain (FDTD) method with
non-uniform mesh. Gratings were fabricated by standard e-beam lithography. Wei
Zhang, et.al have demonstrated polyester gratings with TiO2 nanorods incorporated
to increase sensitivity but in view of fabrication these structures are complicated and
have issues with repeatability [63]. Here, I have selected the design in such a way
that these silicon gratings are simple to fabricate and repeatable. The small foot-
print of the silicon grating and small quantity and concentration of analyte required,
make these silicon gratings an attractive sensor with high sensitivity. Normal trans-
mission of these devices were recorded at different stages-bare silicon gratings, after
functionalizing the surface with streptavidin and after biotin binding to observe shifts
in resonant peak wavelength. Characterization on this bio-material layer was done
for its uniformity, thickness and for the uniform distribution of proteins on grating
surface using AFM imaging, ellipsometer and confocal imaging to locate proteins.
7.1.2 Simulations
Lumerical’s FDTD solution software was used to numerically simulate our grating
structure. The gratings were constructed on 425m thick silicon slab with periodicity
of 630nm, groove width and height of 300nm and 400nm respectively. In order to
avoid huge computations due to dimensions of these devices, FDTD method was used
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with periodic boundary conditions. I implemented a full 3-D FDTD simulation based
on square non-uniform mesh since a major part of this device is silicon substrate with
shallow gratings on its surface. Based on this technique, the default grid size used
to mesh the structure was set at 18nm with a finer 10nm mesh over the gratings
pattern region. In this way, the accuracy and convergence of the simulations are both
guaranteed while the requirements on computational resources are reasonable enough
to run the simulation. The light source was placed at the bottom of the silicon slab
and normal transmission was recorded at the top of the gratings. The resonant peak
was observed at 1135nm. There are two reasons for designing the resonant peak at
this wavelength. First, silicon has strong absorption in the visible and near infrared
region upto 1000nm, so any grating design on silicon for transmission measurements
must have transmission resonance peak greater than 1000nm. Secondly the InGaAs
detector used in the measurements had a maximum spectral response this region.
Once the bare grating structure was successfully simulated, a thin film of ma-
terial with refractive index 1.502 was simulated on top of the gratings with different
thicknesses ranging from 3nm to 10nm. The material was set to have same optical
properties of biochemicals used in the experiment. Grating structures with different
thickness of bio-material were simulated to estimate the shifts in resonant peak wave-
length. Spectral shifts in resonant peak for thickness of 3nm-10nm of bio-material
on top of the gratings is shown in Fig. 7.1(a). As seen in Fig. 7.1(b), the resonant
peak wavelength red shifts with increase in thickness of bio-material. With estimated
thickness of bio-material layer being ≈10nm, shift in resonant peak wavelength in
simulated data was observed to be 16nm with sensitivity of 1.60nm per nanometer
of thickness change of bio-material of refractive index 1.502 on the grating surface,
which is higher compared to photonic crystal micro-cavity bio-sensors [64]. Zhiyong
Wang et.al has reported similar sensitivity for optical fiber gratings but for detecting
a higher refractive index material [58].
7.1.3 Immobilization and Surface Chemistry
7.1.3.1 Immobilization
The immobilization technique used in this work was adapted from a previously pub-
lished process on photonic crystal fibers for labeled antibody detection [35]. Here the
Chapter 7: Protein Binding and DNA Hybridization Detection Using Silicon 1-D
Photonic Crystal 74
Figure 7.1: Simulation results: (a) Shifts in resonant peak due to bio-material
coatings of different thickness on silicon gratings. (b) Shifts in resonant peak
wavelengths with respect to thickness of bio-material
immobilization technique was modified with biotin as a target molecule in our exper-
iment instead of antibodies to make it a label free sensor. Prior to immobilizing the
streptavidin on gratings, a biochemical coating of poly-L-lysine and glutaraldehyde
is deposited to ensure trapping of the streptavidin on gratings. Between each step
of the coating procedure, the gratings were rinsed in a pH neutral solution of Phos-
phate Buffered Saline (PBS) at 10 mmol for 5 minutes. The first layer was deposited
on silicon by immersing the samples in an aqueous solution of poly-L-lysine (1:100
in H20) acting as a positively charged substrate for 15 minutes, covered then by a
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negatively charged layer of glutaraldehyde(12.5%) for 45 minutes which then binds
to the poly-L-lysine. The samples were then left in streptavidin (0.016µmol/ml in
PBS of neutral pH) for 30 minutes to bind to the glutaraldehyde sites by electrical
affinity. Finally, the empty sites of glutaraldehyde were blocked by positively charged
ethanolamine molecules (40 mmol) by keeping the samples immersed for 20 minutes.
A schematic of the biochemical layers holding the streptavidin and biotin is shown
in Fig. 7.2. A subsequent PBS washing eliminated the unspecific bindings and ad-
dition of ethanolamine molecules covered up the unbounded sites of glutaraldehyde
preventing any unspecific binding. Streptavidin is a protein with an exceptionally
high binding constant of 1015M−1 with biotin. The biotin-streptavidin system serves
as the bio-conjugate pair in this demonstration. Once the streptavidin was function-
alized on to the silicon substrate, the samples were covered with biotin (12.27µmol/ml
in PBS of neutral pH) for 30 minutes and samples were rinsed with PBS solution to
remove the unbound biotin from the silicon surface.
Figure 7.2: Schematic of the biochemical layers immobilized on silicon surface
7.1.3.2 Surface Chemistry
In order to promote the bonding of poly-L-lysine to the silicon surface, a silicon wafer
must have hydroxyl (-OH) groups on its surface. In general silicon wafer in air and
moisture have hydroxyl (-OH) on its surface. The quantity of hydroxyl groups on the
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surface may also be increased by leaving substrates in 3% hydrogen peroxide solution
for 2.5 to 3 hours, having them dry overnight, and then washing with ethanol [65].
The structure of poly-L-lysine is a chain of lysine molecules and let us consider
a single lysine molecule for ease of understanding. A lysine molecule is terminated
with three amino groups (−NH2) and one of the amino groups reacts with hydroxyl
(-OH) group on silicon surface to form (−NH2OH) as shown in Fig. 7.3 and at the
other end of lysine molecules amino group (−NH2) reacts with negatively charged
glutaraldehyde having (-CH=O) group to form (-CH=N)as shown in Fig. 7.3. As
protein is nothing but chain of amino acids. At the open end of glutaraldehyde (-
CH=O) group bonds with positively charged amino acid group forming (-CH=N).
The bond forms between each layer is pure ionic bond. Biotin binds very tightly to
the streptavidin with a dissociation constant Kd in the order of 10
−15, which is one
of the strongest known protein-ligand interactions, approaching the covalent bond in
strength.
Figure 7.3: Chemistry flow chart of immobilizing streptavidin and biotin
7.1.4 Bio-Material Layer Characterization
The uniformity, thickness of bio-material on the grating surface were characterized
using AFM imaging and ellipsometry. Fig. 7.4 shows the AFM images of the bare
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silicon gratings and after biotin immobilization on the grating surface. The samples
are uniformly covered with the bio-material and uniformity of this layer was measured
to be 0.48nm on the total bio-material layer thickness of 9.25nm. The left image in
Fig. 7.4 shows the sharp edges of the silicon grating whereas the image on the
right shows the biochemical layer with streptavidin and biotin conformly covering the
inner walls and the top surface of the gratings. Ellipsometry was used to measure the
thickness of the biochemical layer along with streptavidin and biotin. In addition to
thickness measurements, ellipsometry was also used to measure the refractive index of
the layer coated on silicon surface. The thickness of the biochemical layer along with
streptavidin and biotin was measured to be 9.25nm±0.25nm and the refractive index
was found to be 1.502 at 1137nm. Ellipsometry measurements were done on bare
silicon as a grating pattern can interact with the polarized light used for thickness
measurements and refractive index measurement. AFM shows conformal coverage
and hence ellipsometry on bare silicon should yield accurate results.
Figure 7.4: AFM images of grating surface before and after immobilization
7.1.5 Experimental Measurement Results and Discussion
Normal transmission measurements were performed on the gratings using 0.8m high
resolution spectrograph and InGaAs detector. As shown in Fig. 7.5, the measure-
ment setup consists of broadband light source from 360nm-2000nm which was passed
through a collimator. The collimated beam was then passed through a series of op-
tical components such as chopper, filters, polarizer and attenuator. Polarized light
was then focused using an objective onto the sample. Transmitted light from the
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sample was collected by a spectroscopic microscope objective and then directed into
the spectrometer and detector.
Figure 7.5: Schematic of measurement setup
Initially, normal transmission measurements were recorded from five bare silicon
gratings with different groove widths. Transmission spectra of these bare silicon
gratings as shown in Fig. 7.6, have different resonant peaks due to the different
fabricated groove widths of these gratings. AFM was used to measure the groove
width of these gratings and are as labeled in Fig. 7.6 The resonant peak wavelength
red shifts with increase in groove width of these gratings. Device 1, device 2, and
device 5 (dev(1,2,5)) with groove widths of 359nm, 378nm and 480nm respectively
were used to study the specific binding of biotin on the silicon grating surface while
device 3 and device 4 (dev(3,4)) with groove widths of 390nm and 445nm were used
to observe the effects of unspecific binding.
The thickness of the bio-material coating after immobilizing streptavidin on
the silicon gratings is expected to be around 5nm. After functionalizing streptavidin
on the gratings surface, measurements were recorded and a shift of 7nm±1nm was
observed in resonant peak in all the gratings. Final measurements were recorded after
biotin binding to streptavidin. Dev(1,2,5) were washed with PBS solution to remove
the unbounded biotin where as dev(3,4) are unwashed samples. Fig. 7.7 shows the
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Figure 7.6: Normal transmission spectra of grating devices with different groove
widths
Figure 7.7: Measurements recorded on device 1 at different stages of immobilization
with inset of confocal image of the device after functionalizing with biotin where the
streptavidin was tagged with fluorescein
shifts in the resonant peaks of the normal transmission spectra due to streptavidin
and biotin binding in device 1 with inset showing the confocal image of the device
after functionalization with biotin. Streptavidin was tagged with fluorescein with
fluorescence signal at 514nm confirms the presence of streptavidin binding on silicon
grating surface.
For dev(1,2,5), shifts of 8nm±1nm in resonant peak wavelength were observed
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due to specific binding of biotin to streptavidin as shown in Fig. 7.8 In comparison,
for dev(3,4) shifts of 110nm and 95nm in resonant peak wavelength was observed
respectively due to the physical adsorption of biotin with chemically bonded biotin to
streptavidin. There is a difference of 1nm in shifts among dev(1,2,5) after function-
alizing with biotin as the immobilized layer after biotin varied by 0.25nm for these
devices. Fig. 7.8(a) shows the absolute shifts in wavelength with increasing groove
width as well as wavelength response of dev(1,2,5) to streptavidin and biotin binding
Fig. 7.8(b) shows the relative shifts in resonant peak wavelength due to streptavidin
and biotin functionalization on the grating surface. It was observed from Fig. 7.8(a)
and Fig. 7.8(b) that device resonant peak wavelength response to streptavidin and
biotin binding remains constant and independent of original groove width differences
in resonant peak wavelength. The simulation prediction matches closely with the
measurement data and the immobilization technique in this experiment was so de-
signed to functionalize monolayer of streptavidin and biotin to have a better control
on thickness and distribution of streptavidin and biotin on silicon surface. I used
12.27µmol/ml of biotin for 0.016µmol/ml of streptavidin for our experiment and sen-
sitivity of 1.61nm per a nanometer of thickness change of bio-material on the surface
of silicon gratings was measured.
7.2 DNA Hybridization Detection Using Silicon
1-D Photonic Crystal
7.2.1 Overview
In this section, a silicon 1-D PC based biosensor to detect functionalized DNA on
its surface as well as detect the hybridization process with its complimentary DNA
is demonstrated. The silicon 1-D PC designed have sensitivities upto 2.43nm per a
nanometer of thickness change in bio-materials of refractive index 1.542 on its sur-
face and 70nm/RIU in detecting refractive index change of 6nm thick bio-material
coating on its surface. Immobilization of DNA on chip silicon device surface and
there by hybridizing with its complimentary strand makes this device more selective
and efficient in detection. The order of concentration of DNA solution used in this
experiment is in nano-molar range and was functionalized on silicon substrate using
layer by layer technique. Normal transmission measurements of gratings are made
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Figure 7.8: (a) Shifts in resonant peak due to immobilization on different gratings
sensors with respect to thickness of bio-material. (b) Comparison of simulation data
with measurement results
in air at different stages of immobilization, bare silicon grating, after functionalizing
chemical linkers, after immobilizing ssDNA-A and after hybridizing with its com-
plimentary ssDNA-B. Hybridization experiments were done with non-complimentary
ssDNA-C as well and shift in transmission spectra was found to be zero. Total shifts
in transmission peak after hybridizing with ssDNA-B was found to be of ≈27nm
and a shift of ≈8nm was observed due to immobilization of ssDNA-A on silicon
substrate. Over a past decade, optical biosensors have evolved and emerged with
promising results in detecting bio-molecules like proteins, enzymes and DNA. There
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are many labeled sensors where bio-molecules are tagged with fluorescence material
for detection [35, 66]. Later several sensors were developed where bio-molecules and
physically absorbed on sensor surface which has a drawback of unspecific binding
[54, 56, 57]. Recently there are many new optical fiber SPR biosensors, however
SPR phenomenon sensors are greatly dependent on the metal used and distance from
substrate where bio-molecules are immobilized. These sensors also require good ac-
curacy in fabrication which in turn raises the fabrication cost [67]. In this section, I
demonstrate on-chip silicon gratings for detection of DNA- hybridization by specific
binding. The advantage of on-chip silicon gratings is easy to fabricate and easy to
tune the resonant peak wavelength within the optical source by simple changing the
grating period. Gratings that are fabricated on-chip are compact, has quick response
and easy to functionalize due to its planar surface when compared with optical fibers
[68, 69]. Due to low refractive index of optical fibers compared to silicon, optical
fibers are limited to low sensitivities. Though, there are some attempts made to
overcome this limitation by modifying the fiber surface which creates complication
in fabrication [56, 69]. Here, I present a procedure to detect DNA hybridization by
specifically binding ssDNA-A and test for hybridization detection with complimentary
DNA (ssDNA-B) and non-complimentary DNA (ssDNA-C). Most of the optical fiber
sensors for DNA hybridization were tested with complimentary DNA but not with the
non-complimentary DNA which gives an estimate of unspecific binding [70, 71]. Here
in our experiments, silicon gratings was immobilized initially with chemical linkers
that attaches with silicon substrate at one end and ssDNA-A at other end. Normal
transmission was measured at different stages: after functionalizing with chemical
linkers, after immobilizing with ssDNA-A and after hybridization with ssDNA-B or
ssDNA-C to observe shifts in transmission peak. The thickness and refractive index
of the bio-material coating was measured with ellipsometer and AFM and SEM were
used to check the uniformity of the bio-material coating.
7.2.2 Materials
Polysodium 4-styrenesulfonate (PSS), polyallylamine hydrochloride (PAH), Nacl 5M
Solution and Ultra pure Water certified for DNA and RNA use and DNA-A (TCCA-
GACATGATAACATAGATTGATG), DNA-B (CATCAATGTATCTTATCATGTCT
GGA) and DNA-C (CTCACGTTAATGCATTTTGGTC) were purchased from Sigma-
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Aldrich (Canada). Double polished silicon wafers used were purchased from University
wafer (USA).
7.2.3 Simulations
Lumerical’s FDTD solution software was used to numerically simulate our silicon
gratings. The gratings were made on a 425m thick silicon slab with period of 630nm,
groove width and height of 300nm and 400nm respectively. In order to avoid huge
computations due to dimensions of these devices, FDTD method was used with pe-
riodic boundary conditions. I implemented a full 3-D FDTD simulation based on
square non-uniform mesh since a major part of this device is silicon substrate with
shallow gratings on its surface. Based on this technique, the default grid size used
to mesh the structure was set at 18nm with a finer 10nm mesh over the gratings
pattern region. In this way, the accuracy and convergence of the simulations are both
guaranteed while the requirements on computational resources are reasonable enough
to run the simulation. The light source was placed at the bottom of the silicon slab
and normal transmission was recorded at the top of the gratings. The resonant peak
was observed at 1219nm. There are two reasons for designing the resonant peak at
this wavelength. First, silicon has strong absorption in the visible and near infrared
region upto 1000nm, so any grating design on silicon for transmission measurements
must have transmission resonance peak greater than 1000nm. Secondly the InGaAs
detector used in the measurements had a maximum spectral response this region.
Since this experiment involves multiple bio-material layers with different bio-
chemicals along with DNA having different refractive indices and different thickness,
simulating these structures becomes complex. Initially the bare silicon grating struc-
ture was successfully simulated, later device response to different refractive indices of
range 1.35 to 1.55 with fixed thickness of 6nm was simulated and also device response
to various thicknesses of range 2nm to 14nm with fixed refractive index of 1.542 was
simulated. Fig. 7.9(a) shows the simulated data of the silicon grating response to
varying thickness of material on its surface and Fig. 7.9(b) shows the device response
to material for different refractive indices.
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Figure 7.9: Simulation results: (a) Device response inturns of shifts in transmission
wavelengths for change in thickness of biochemical layer on grating surface. (b)
Shifts in transmission wavelengths for different refractive indices material on grating
surface
7.2.4 Immobilization of DNA on Silicon 1-D PC Surface
and DNA Hybridization and Surface Chemistry
7.2.4.1 Immobilization of DNA on Silicon 1-D PC Surface
The immobilization technique used in this work was adapted from a previously pub-
lished process to verify on-chip device response to DNA hybridization in various situa-
tions [72]. In order to immobilize ssDNA-A on silicon gratings layer by layer technique
was used and an alternating mono-layers of positive and negative charged polyelec-
trolytes were used to form self assembled monolayers. Polyelectrolytes used in these
experiments are PAH and PAH where PAH acts as positively charged mono-layer
and PSS acts as a negatively charged mono-layer. Silicon samples were alternatively
immersed PAH and PSS with PAH as outer most layer. PSS and PAH acts as a
chemical linkers between silicon gratings surface and DNA. As DNA contains sugar
phosphate as a backbone this acts as negative charge and hence DNA gets bounded
to PAH which is positively charged. The thickness of each layer depends on the ionic
strength and pH of the solution [63, 72]. In order observe distinctive shifts in trans-
mission peaks due to chemical linkers as well as allow configurational freedom for
hybridization, five bi-layers of PAH (2 mg/ ml, pH of 5.0) and PSS (2 mg/ ml, pH
of 5.0) films were deposited by alternately immersing the sensor into solutions for 5
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min, with PAH, the positively charge, as the outermost layer. These five alternating
layers of chemical linkers form a thin film over a gratings surface. The sensor was
then rinsed with ultrapure water certified for DNA experiments (conductivity of 18
Mω) and dried. Then the sensor was immersed in a solution of ssDNA-A (pH of 5.5,
19.26 nmol/ ml, 0.02M NaCl) for 10 min. Hybridization takes place by immersing
sensors in a solution containing complementary DNA, denoted as ssDNA-B (pH of
5.5, 76.4 nmol/ ml, 0.02M NaCl) for 30mins. After 30 min these sensors were then
washed with ultrapure water to remove unhybridized DNA eliminating unspecific
binding and dried for measurements. In these experiments, hybridization is detected
by thickness change caused due to it on the surface of the device. Thickness of the
biochemical layer increases to 4.0nm-4.3nm due to hybridizations, which is sufficient
enough for the grating sensor to detect the complementary DNA sequence. Non-
complementary ssDNA-C (123.8nmol/ml) was used for the negative control. Sensors
were immersed for 60 min. The concentration of non-complementary DNA was chosen
higher and immersion time is longer compared to the complementary ones. However,
the thickness change of the biochemical layer measured with ellipsometer after wash-
ing with ultrapure water, indicating no attachment of the noncomplementary DNA,
and demonstrating that the DNA sensor is capable of detecting a specific DNA se-
quence.
Fig. 7.10(a) shows the schematic of ssDNA-A, ssDNA-B and ssDNA-C and
Fig. 7.10(b) lists the complementary and non-complementary pair formed between
ssDNA-A, ssDNA-B and ssDNA-C, ssDNA-A and ssDNA-B form a complementary
pair with nucleotide bonds between AT and GC pairs where as ssDNA-A and ssDNA-
C forms a non-complementary pair. A schematic of biochemical layers with chemical
linkers bound with ssDNA-A along with its complementary DNA (ssDNA-B) and
non- complementary DNA (ssDNA-C) was shown in Fig. 7.11
7.2.4.2 Surface Chemistry
As mentioned above, immobilization technique used is layer by layer self assembly
technique. Positively charged PAH binds to silicon using the hydroxyl (-OH) group
on silicon. In general silicon wafer in air and moisture develop hydroxyl (-OH) group
on its surface. The quantity of hydroxyl groups on the surface may also be increased
by leaving substrates in 3% hydrogen peroxide solution for 2.5 to 3 hours, having
them dry overnight, and then washing with ethanol [65].
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Figure 7.10: (a) DNA used in these experiments (b) Shows the complementary pair
and non-complementary pairs
Basic structure of PAH, PSS and DNA is show in Fig. 7.12. The structure
of PAH and PSS is a chain of single molecule and let us consider a schematic of
chemical structure with functional groups for ease of understanding. A PAH molecule
is terminated with two amino groups (−NH2) and one of the amino group reacts with
hydroxyl (-OH) group on silicon to form (−NH2OH) as shown in Fig. 7.13. At the
other end of PAH molecules amino group (−NH2) reacts with negatively charged PSS
having (ONa+) group to form (−NH2OH)as shown in Fig. 7.13 and similarly PAH
layer is coated on PSS layer. As mentioned in above section final layer coated was
PAH which is positively charged and negatively charged sugar being the backbone of
DNA gets bonded to PAH.
7.2.5 Experimental Measurement Results and Discussion
Refractive index and thickness of biochemical layer was measured at each stage of
immobilization and hybridization using ellipsometer. It was found after 5-bilayer
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Figure 7.11: Schematic of chemical bindings on silicon surface of DNA (a)
complementary pair and (b) non-complementary pairs
of PAH and PSS thickness is about 5.7±0.3nm and with refractive index 1.38 at
1219nm. The samples are functionalized with ssDNA-A which in turn increase thick-
ness by 3.5±0.2nm and refractive index measured was 1.542 at 1219nm. Then the
hybridization experiments were conducted with ssDNA-B and the thickness measure-
ment shows the increase of 4.1±0.3nm and with refractive index 1.542 at 1219nm. For
negative control i.e. when sample were immersed in ssDNA-C thickness change was
found to be zero after washing with ultra pure water and dried to remove unhybridized
ssDNA-C. Thickness of DNA layer purely depends on the NaCl concentration, DNA
coils up at higher concentrations and stretches at lower concentrations [72].
Samples were further characterized using AFM and SEM to check the uniformity
of the biochemical coating over grating surface and found that chemical linkers form
a thin film over grating surface followed by DNA immobilization. Fig. 7.14 shows
AFM before and after biochemical coating on grating surface and the uniformity was
measured to be ±0.57nm. SEM image in Fig. 7.15 shows the uniformity of the
biochemical coating on grating surface.
Spectrograph with 0.8m high resolution was used for normal transmission mea-
surements on the gratings using InGaAs detector. The measurement setup consists
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Figure 7.12: Chemistry flow chart of immobilizing ssDNA-A on silicon surface
of broadband light source from 360nm-2000nm which was passed through a collima-
tor. The collimated beam was then passed through a series of optical components
such as chopper, filters, polarizer and attenuator. Polarized light was then focused
using an objective onto the sample. Transmitted light from the sample was collected
by a spectroscopic microscope objective and then directed into the spectrometer and
detector.
Initially, normal transmission measurements were done on six silicon gratings
and ssDNA-A was immobilized using PAH and PSS as chemical linkers on all six of
them. Three of these devices were used to detect hybridization by immersing them
in ssDNA-B and two of them were used for negative control by immersing them in
ssDNA-C and last sample sample was immersed in a solution containing ssDNA-B
and ssDNA-C. Normal transmission were recorded at every stage of immobilization
like after functionalizing grating surface with 5 bi-layers of PAH and PSS and after
Chapter 7: Protein Binding and DNA Hybridization Detection Using Silicon 1-D
Photonic Crystal 89
Figure 7.13: Chemistry flow chart of immobilizing ssDNA-A on silicon surface
Figure 7.14: AFM images of silicon gratings before and after immobilizing with
biochemical layers
immobilizing ssDNA-A and finally after immersing in ssDNA-B or ssDNA-C or in a
solution containing ssDNA-B and ssDNA-C.
Shifts in normal transmission peak due to five alternating layers of PAH and PSS
of thickness 5.7nm±0.3nm on these devices were measured to be 7.5±0.5nm. Once
the ssDNA-A was immobilized on gratings surface, thickness measurement shows the
increase in bio-chemical layer by 3.5±0.2nm due to ssDNA-A and normal transmission
measurements shows the transmission peak shift due to ssDNA-A to be 8.5±1nm. It
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Figure 7.15: SEM image of silicon gratings after functionalizing its surface with
biochemical layers
was observed that transmission shifts due to five PAH and PSS bi-layers of thick-
ness ≈5.7nm is comparatively small than the transmission shifts due to ssDNA-A of
thickness ≈3.5nm. This indifference in shifts in transmission peaks was caused due
to refractive indices of these materials. Though the five bi-layers of PAH and PSS
forms a thicker layer than ssDNA-A but its refractive is only 1.38 where as ssDNA-A
layer has a refractive index of 1.542. From simulation data above, shifts in transmis-
sion peak not only depends on thickness but also on refractive index and moreover
response to refractive index change of biochemical is more compared to the response
due to thickness change of biochemical on the grating surface.
Hybridization experiments were done on this device as mentioned above, three
of the six samples were immersed in ssDNA-B solution for 30mins hybridization to
occur and these samples are washed with ultra pure water to remove the unhybridized
ssDNA-B, and two samples were immersed in non-complementary DNA, ssDNA-C
for 60mins and one sample was immersed in solution containing both ssDNA-B and
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Figure 7.16: Transmission peaks shifts at every stage of immobilization
Figure 7.17: Device 1, Device 2, Device 3 shows shift in transmission wavelength
due to hybridization where as Device 4 and Device 5 shows no shift due to
non-complementary DNA
ssDNA-C. Fig. 7.16 shows the normal transmission peak shift in one of the devices
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Figure 7.18: Device 6 response when device was immersed in a solution containing
ssDNA-B and ssDNA-C
where the device was hybridized with ssDNA-B. In first case where three samples
are immersed in ssDNA-B shows the transmission peak shift of 10.5±0.5nm due to
hybridization between ssDNA-A and ssDNA-B as shown in Fig. 7.17 whereas two
samples that are immersed in ssDNA-C for 60mins produce zero shift transmission
peak as shown in Fig. 7.17. Fig. 7.18 shows the normal transmission shifts for
third case where a sample was immersed in a solution with ssDNA-B and ssDNA-C
for 30mins and these shifts in transmission peak of 10nm is very similar to the first
case where hybridization occurred. This shifts in transmission peak and ellipsometer
thickness measurement infers the occurrence of hybridization. The slight variation
in shifts in normal transmission spectra after functionalizing ssDNA-A and ssDNA-
B was due to different thickness layers they produce after immobilizing them and
this difference in thickness is mainly due to different concentrations of ssDNA-A and
ssDNA-B.
Thus, functionalizing the PC surface with proteins and DNA helps in accurate
and specific detection. As discussed above unwashed PC devices after immersed in
biotin solution produces huge and inconsistent shifts in normal transmission spectra
where as specific binding of biotin should only produce a shift of ≈8nm. Similarly, in
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case of DNA immobilization on PC surface helps in detecting its complementary pair
selectively and characterization of these bio-material layers helps in determining the
accuracy in immobilization techniques. High sensitivity, selective to specific material
for detection due to controlled immobilization techniques adapted makes these devices
more attractive.
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Chapter 8
Conclusion
8.1 Summary
The sensitivity analysis of the PC devices was extensively done to study the impor-
tant factors (material thickness, RI and wavelength) that effects device sensitivity as
discussed in chapters 2, 3. In practical point of view, three different types of materials
were used 1. hydrogel 2. proteins and 3. DNA to check the device response. Here in
this thesis, two devices were tested for two different purpose. Firstly, 1-D PC sensor
which is easy to fabricate and low cost device which suffice for most of the appli-
cations and comparable in terms of sensitivities with the literature work presented
in chapter 2 and secondly, 2-D PC coupled cavity which is highly sensitivity device
but slightly complicated in fabrication and costly at academic level. Although fully
integrated device (waiting for the measuring instruments to be installed) has yet to
be experimented. The fabrication of 2-D fabrcation is sucessfully done and devices
were also coated with different material to study the compatibility of materials with
device (details and images can be found in appendix D).
Immobilization of materials on these device addresses the accuracy in detection
by elimintating the errors due to unspecific binding. One of the important steps is
to avoid errors in sensitivity due to non-uniform bio-material coating on PC surface,
which is also not addressed in these devices [31, 32, 33, 34]. The proposed solutions
to these drawbacks in PC sensors [31, 32, 33, 34] includes functionalizing the surface
to bond to specific analyte for high selectivity in measurements. The functionalizing
thechinques used are layer by layer immobilization in case of DNA, self assembly
technique which has very less chances of producing non-uniform layer of material on
device surface and in case of hydrogel, hydrogel was spin coated on device which is
most reliable in producing uniform surface. By avoiding unspecific binding to take
place on sensor surface and which also helps in to explore new methods to detection
for different aspects of sensing like hybridization of DNA. Characterization of material
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coated on these devices with an ellipsometer, AFM and confocal microscope helps in
determine the thickness and RI of the material, surface profile for uniformity and in
determining bio-molecules location as discussed in Chapter 7. Characterization helps
in determining the accuracy in immobilization techniques. High sensitivity, selective
to specific material for detection due to controlled immobilization techniques adapted
makes these devices more attractive.
In addition to specific detection capability these devices are also compact as
they are fabricated on the silicon platform which enables future integration. These
devices can potenially translate into the lab-on-a-chip platform by adding a source
and detector for portable sensing applications.
8.2 Recommendations and Future Work
1-D PC was sucessfully fabricated and tested for its sensing performance with differ-
ent types of material functionalized on it’s surface and in order to commercialize this
device, chip level packing is yet to be done. As mentioned in chapter 5 fabrication
process for high sensitive 2-D PC coupled cavity device was developed and appendix
D shows the images immobilization of proteins and hydrogel on these devices and in
future once the measurement setup is fully functional for waveguide measurements,
these 2-D PC coupled cavity devices were need to be practically tested. V-grooves
fabricated along with 2-D PC coupled cavity enables chip level integrations and also
helps in chip level packing with optical fiber for commercial use. In terms of fabrica-
tion, devices are presently fabricated on a 1 inch X 1 inch SOI wafer which increases
process time in aligning small pieces and also increases contamination due to handling
small pieces at each and every step of process. Instead using a full wafer enables wafer
level alignment which decreases the process time in fabricating these devices and also
lessen the cost per device.
In the present work, performance of these were devices were tested with three
different types of materials (Proteins, DNA and Hydrogel) and in future these devices
can also be tested for detecting various other materials like IgG and anti IgG.
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Appendix A
Making, Spinning, and Coating HEMA
Hydrogel
A.1 Purpose
The purpose of this SOP is to prepare a pH-sensitive HEMA-based hydrogel on the
surface of silicon-on-insulator. A coupling agent is used to strongly adhere the hy-
drogel to the silicon surface.
A.2 Responsibilities
Anyone who has had training with WHMIS, laboratory-environmental waste man-
agement safety, and has been trained to use the nano-fabrication facility is allowed
to execute these procedures.
A.3 Definitions
• SOI – Silicon-on-Insulator
• Hydrogel – Network of water-insoluble polymer chains
A.4 Equipment and Materials
Equipment:
• Solitec 5110 coater/developer (spin-coating machine)
• Oriel Deep UV Flood Exposure (1kW Hg(Xe) Deep UV Source of 220-260nm)
• Magnetic stirer
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• Weight scale
• Scintillation vial with cap
• Scintillation vial with rubber septum
Table A.1: Materials used for developing and coating a HEMA hydrogel
Chemical Acronym Function
2-hydroxyethyl methacrylate, 99+% HEMA monomer
Methacrylic acid, 99% MAA pH-sensitive monomer
Ethylene glycol dimethacrylate, 98% EDMA cross-linker
2,2-dimethoxy-2-phenylacetophenone, 99% DMPA photo-initiator
3-(trimethoxysilyl)propyl methacrylate, 98% silane
2-butanone
Toluene
De-ionized water
Acetone
Isopropanol IPA
A.5 Procedures
This procedure is outlined for preparing and making a 10mL sample of the hydrogel.
The stoichiometric ratios are: HEMA (89 mol%), EDMA (5 mol%), MAA (6 mol%),
followed by an addition of IPA (50% w/v) and DMPA (2% w/v).
A.5.1 Silicon Wafer: Silanization
Procedure developed by Dawgul et al. [46]. (Note: prior to silanization, perform
a 100 second oxygen plasma descumming process on the sample surface to remove
organic contaminants)
1. Prepare a solution with 3 mL silane (10% v/v) and 27 mL (90% v/v) toluene.
(note: toluene may be substituted with de-ionized water mixed with acetic acid
to a pH of 3.5)
2. Mix into the solution 0.12 mL (0.4% v/v) of de-ionized water.
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3. Clean a sample of silicon with acetone and then rinsing with isopropanol. Place
the sample on a hot plate (80◦ C) for 30 sec.
4. Add the cleaned sample into the mix.
5. Heat using an electric heating element with a reflux condenser for 4 hours at
80◦ C.
6. Wash the sample with 2-butanone several times, finishing off with an ultrasonic
bath with the sample immersed in 2-butanone. (Do not use any polystyrene or
polypropylene containers, since butanone will dissolve those. Instead hold the
samples in glass.)
7. Leave the silicon sample to dry overnight.
A.5.2 Hydrogel: Mixing Chemicals
1. Calibrate a measuring device with a container for the chemicals to 0 mass.
2. Add 4.4241g of HEMA. (See Section C.5.6 for calculations)
3. Add 0.3786g of EDMA.
4. Add 0.1973g of MAA.
5. Add 5.0000g of IPA.
6. Replace the container of chemicals with weighing paper for measuring DMPA.
7. Add 0.200g of DMPA.
8. Cover the container of HEMA/EDMA/MAA/H2O mixture with aluminum foil.
9. Add the measured DMPA (along with a magnetic stir rod) into the net mixture.
10. Seal the container with a cap so as not to allow any exposure to light and
oxygen.
11. Mix slowly for 5 minutes (in order to mitigate mixing with oxygen).
12. Mixture may be stored for a 1-2 days prior to degassing.
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A.5.3 Hydrogel: Pre-polymerization (if desired)
1. Remove aluminum shielding and place sample into UV light machine.
2. Replace the cap of the vial containing mixture with the septum.
3. Insert a nitrogen gas stream inlet and an exit outlet through the container
septum.
4. Degas for 5 minutes.
5. Expose sample to UV for 30 seconds.
6. Repeat steps 3 - 5 as desired, while mixing contents for 1 minute between
iterations.
A.5.4 Hydrogel: Bonding to Sample
1. Place silanized silicon sample on the spinner.
2. Press VACUUM to secure the sample.
3. Set the SPREAD TIME to 15 s, and the SPIN TIME to 30 s.
4. Press START. While spinning, set the SPREAD SPEED to 500 rpm and the
SPIN SPEED to 4000 rpm.
5. Everything is now set. Using a dropper, drop the hydrogel from bulk container
onto the surface of the silicon sample, completely covering the surface.
6. Press START to spin.
7. Stop the vacuum and remove sample.
8. Proceed to expose to UV in an oxygen-free environment.
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A.5.5 Sample: Polymerization of Hydrogel on Device
1. Place the sample into a vial and seal it with a septum.
2. Insert a nitrogen gas stream inlet and an exit outlet through the septum.
3. Degas for 30 seconds (time may vary depending on pressure).
4. Expose sample to UV for 5 minutes.
A.5.6 Calculations
HEMAAMU = 130.14 g/mol
EDMAAMU = 198.22 g/mol
MAAAMU = 86.09 g/mol
Sample calculation for 5.0g of 89 mol% HEMA, 5 mol% EDMA, and 6 mol% MAA:
HEMA: 0.89× HEMAAMU = 115.8246 g
EDMA: 0.05× EDMAAMU = 9.911 g
MAA: 0.06×MAAAMU = 5.1654 g
Total: = 130.901 g
Calculate weight percent:
HEMAwt% = 115.8246/Total = 88.482wt%
EDMAwt% = 9.911/Total = 7.571 wt%
MAAwt% = 5.1654/Total = 3.946 wt%
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For 5g of mixture:
(5.0 g)× HEMAwt% = 4.4241 g
(5.0 g)× EDMAwt% = 0.3785 g
(5.0 g)× HEMAwt% = 0.1973 g
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Appendix B
Recipes for Etching
This appendix gives the recipes used for wet and dry etching of different materials.
B.1 Hydrofluoric Acid Etch for Silicon Dioxide
Buffered hydrofluoric acid (BHF) was used for removing BOX (SiO2). Recipe and
process flow given in Table B.1.
Table B.1: Recipe for SiO2 etch
Recipe for SiO2 etch
BHF was made in Teflon beaker by mixing 6:1 NH4F(40%):HF(48%)
Temperature Room temperature
Etch Rate 100nm per min
B.2 Anisotropic KOH Etch of Silicon
Dilute KOH solution (20%) was used to etch of silicon. Recipe is given in Table B.2.
Table B.2: Recipe for anisotropic KOH Etch of Silicon
Recipe for anisotropic silicon etch
KOH:DI Water 1:4
Temperature 80oC
Etch Rate 1.2µm per min
B.3 Phosphoric Acid Etch of Silicon Nitride
Phosphoric acid (87%) was used to etch of silicon nitride. Recipe is given in Table
B.3.
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Table B.3: Phosphoric Acid Etch of Silicon Nitride
Phosphoric Acid Etch of Silicon Nitride
Phosphoric acid 87%
Temperature 180oC
Etch Rate 3nm per min
B.4 PECVD Recipes
B.4.1 Silicon Nitirde Deposition
PECVD was used to deposite silicon nitride on SOI as mentioned in chapter 5 Table
below shows the parameters used in this process.
Table B.4: Silicon Nitride deposition Recipe
Silicon Nitride deposition Recipe
RF power for Plasma generation 12W Watts
Chamber Pressure 750mTorr
Chamber Temperature 300oC
NH3 30sccm
Silane 600sccm
B.4.2 Chamber Clean Recipe
Recipe used to clean the chamber is O2 clean. Parameter for this recipe is listed
below.
Table B.5: Chamber Clean Recipe
Chamber Clean Recipe
RF power for Plasma generation 150W Watts
Chamber Pressure 1200mTorr
Chamber Temperature 300oC
O2 800sccm
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B.5 STS RIE Silicon Nitride/Silicon Etch
STS RIE was used to etch silicon nitride/silicon as mentioned in chapter 5 Table
below shows the parameters used in this process.
Table B.6: Silicon Nitride/Silicon Etch Recipe
Silicon Nitride/Silicon Etch Recipe
RF power for Plasma generation 100W Watts
Chamber Pressure 100mTorr
Chamber Temperature Room Temperature
CF4 25sccm
O2 3sccm
B.6 Bosch Etching
The 24secs etching process for individual sample consisted of two alternating steps:
1 second plasma etch using SF6 and 2 seconds passivation by C4F8. Table below
shows the optimized parameters for ICP Alcatel system to achieving high etch rate
and high aspect ratio.
Table B.7: Optimized Silicon Etch Recipe
ICP Etch
RF power for Plasma generation 1000 Watts
Substrate RF power 50 Watt
Chamber Pressure 1.3E-3mBar to 9E-2mBar
Chamber Temperature 20oC
Helium Pressure 1E+1mBar
SF6 Flow 100sccm
C4F8 Flow 100sccm
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Appendix C
Optimized E-beam Lithography
Parameters
Zep520A D.R = 1.4 is dispensed onto the wafer, and the wafer is spun rapidly to
produce a 200nm uniformly thick layer, 300rpm for 3sec and 3500rpm for 2min.
Compared to PMMA, it has an advantage of 3-4 times faster and has good dry etch
resistance. It has the disadvantages of poor adhesion and normal exposure does result
in re-entrant pattern profiles. The photoresist-coated wafer is then prebaked to drive
off excess solvent, typically 180C for 3 minutes. For high resolution lithography,
writing conditions of e-beam lithography needs to be optimized. To write the PC
waveguides coupled to conventional waveguide, the parameters were set to be:
Table C.1: Optimized E-beam Lithography parameters
E-beam Lithography Parameters
Accelerating Voltage 30kV
Aperture 10nm
Beam Current ≈28pA
Magnification 800X
Line Spacing 20nm
Centre to centre distance 20nm
Dose Varied from 79.5NC/cm2 to 90.5NC/cm2
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Appendix D
Streptavidin and Hydrogel Immobilization
on 2-D PC Coupled Cavity
Immobilization technique used in chapter 7 is implimented on 2-D PC coupled cavity
device and Fig. D.1 shows the AFM images before and after immobilization of strep-
tavidin. streptavidin used in this technique is tagged with fluorescein and Fig. D.2
shows the confocal images of fluorescence signal form the surface of 2-D PC coupled
cavity device.
Figure D.1: Shows the AFM images (a) without and (b) with streptavidin
immobilization on 2-D PC coupled cavity surface
Hydrogel discussed in chapter 6 is also implimented on 2-D PC coupled cavity
device and Fig. D.3 shows the SEM images of thick coating of hydrogel on 2-D PC
coupled cavity device. Fig. D.2 shows SEM images of the 2-D PC coupled cavity
structure coated with coating thickness of 50nm hydrogel with the holes at the edge,
and a cross-section of the holes at the coupled cavity.
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Figure D.2: Shows the fluorescence signal from the Confocal images of 2-D PC
coupled cavity device immobilization with streptavidin tagged with fluorescein
Figure D.3: SEM images of (a) the coated device, (b) the cross section of the hole
region in the structure
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Figure D.4: SEM images of (a) the PC coupled cavity structure coated with coating
thickness of 50 nm hydrogel, (b) the holes at the edge, and (c) a cross-section of the
holes at the coupled cavity
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Appendix E
Thickness and Refractive Index
Measurements with Ellipsometry
Thickness and refractive index measurements were performed using an ellipsometer
with the model shown in Fig. E.1. The ellipsometer uses the Cauchy equation to fit
the experimental results on the basis of this model.
Figure E.1: Cauchy model used for measuring thickness and refractive index of
hydrogel layer.
The Cauchy equation relates the refractive index and the wavelength of light for
transparent material and is valid only for regions of normal dispersion in the visible
light region. The general form of the equation is
n(λ) = A+
B
λ2
+
C
λ4
+ · · · (E.1)
where n is the refractive index, λ is the wavelength, and A, B, C, etc., are coeffi-
cients that are determined by fitting the equation to measured refractive indices for a
material at particular wavelengths. All measurements were taken for λ = 400 - 1000
nm and was fitted to the equation
n(λ) = A+
B
λ2
, (E.2)
which is sufficient since higher order terms become become negligible.
The thickness of the hydrogel layer is acquired using ellipsometry. Ellipsometry
is a powerful optical technique that uses reflected polarized light to yield information
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about layers thinner than the wavelength of light. It exploits phase information and
the polarization state of light to achieve angstrom resolution. For the purposes of this
project, it is used to characterize a single layer film thickness. All data was acquired
and fitted for angles Φ = 45 - 70◦ at 5◦ increments.
Figure E.2: Schematic of the basic operation of an ellipsometer.
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